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(). hundred years ago the cannon- 


ading of Fort Sumter in Charleston Harbor 
heralded the beginning of the War Between 
the States—the bloodiest 4 years of Ameri- 
can history. Wounds sustained by our fore- 
bears in this period of unparalleled violence 
were associated with an extraordinarily high 
mortality rate. From accounts by surgeons 
such as Weir Mitchell of the Union Army 
and Hunter McGuire of the Confederacy 
it is quite clear that virtually every pene- 
trating wound of a body cavity proved fatal. 
Wounds of the extremities, except of the 
most trivial type, were best treated by 
amputation and the men who survived the 
shock of the procedure and the dreaded 
hospital gangrene afterward were pitifully 
few in number, whether they wore blue 
uniforms or gray. The over-all fatality rate 
for wounded men who were treated in the 
forward surgical units of the United States 
Army in World War II has been estimated 
at 4.5 per cent and in Korea the same fa- 
tality rate was 2.5 per cent. 
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The staggering difference in the results 
of surgical management of the war wounded 
in this hundred-year period, while most im- 
pressive, gives only a minute reflection of 
the enormous developments in the field of 
surgery in the time that has elapsed. To 
summarize or place in proper perspective 
the tremendous advances in human biology, 
in the understanding of the normal and ab- 
normal responses of the human organism 
in health and disease, and in the develop- 
ment of seemingly sound principles of surgi- 
cal care of the injured and the sick which 
have taken place in the 100 years since the 
first gun was fired at Fort Sumter fortunately 
exceeds the scope of this discussion. These 
extraordinary developments, however, pre- 
sent an enormous challenge to the members 
of a society such as ours, composed of men 
who are charged with the dual responsibility 
of transmitting this huge fund of information 
to their students and trainees and of de- 
veloping new knowledge in their fields 
through individual effort and by providing 
stimulus and opportunity for younger men. 

In the great surgical clinics of Germany 
in the late nineteenth century there evolved 
plans of prolonged postgraduate clinical and 
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laboratory training in early recognition of 
this challenge. Modifications of these plans 
were most successfully introduced into this 
country in that period by William Osler in 
medicine and by William Stewart Halsted 
in surgery. The postdoctoral educational 
concepts of Osler and Halsted have largely 
established the basis of our present-day 
residency systems of training. 

Much has been written concerning Dr. 
Halsted’s residency plan of graduate surgical 
education. It has been the subject of excel- 
lent addresses before this and other surgical 
societies on numerous occasions in the last 
several decades. As Pearce® has pointed out, 
‘Halsted was intensely interested in extend- 
ing the knowledge of surgery and so at- 
tracted superior graduate students. He 
shared with them his enthusiasm for re- 
search and improved clinical care. All the 
resources of the laboratory and the clinic 
were at their disposal.” The stimulating 
atmosphere of Halsted’s residency provided 
an approach in breadth and in depth to the 
general field of surgery. The prolonged 
period of study, investigation, and progres- 
sively increasing clinical responsibility pro- 
duced outstanding surgeons. However, 
Halsted’s system of graduate surgical educa- 
tion was not immediately adopted by many 
institutions and, in fact, very few hospitals 
in the United States and Canada offered 
this form of training until the last 2 decades. 
When the Society of University Surgeons was 
founded in 1938, recognition of the value 
of the Halsted type of graduate surgical 
education was emphasized and established 
as a requisite for membership. There were, 
however, but 10 institutions represented in 
the founders’ group. Recognition of the need 
for improving the quality of surgical train- 
ing on a country-wide basis, with emphasis 
on the residency system, prompted the 
founding of the American Board of Surgery 
in 1937. The influence of the Board in 
elevating standards of surgical training in 
this country has been enormous, although 
at times bordering on the chaotic, as its 
critics will hasten to point out. 

Halsted and others fostered the develop- 
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ment of special fields of surgery. After be- 
coming competent surgeons, certain of his 
residents were encouraged to concentrate on 
special areas of interest. This resulted in the 
contributions to the surgical specialties by 
individuals of the mold of Hugh Young in 
urology, Crowe in otolaryngology, Baer in 
orthopedics, Davis in plastic surgery, and 
Cushing and Dandy in neurosurgery. The 
development of specialization has been of 
incalculable value in contributions to pres- 


_ent-day surgical knowledge and skills. The 


establishment of separate residency programs 
in the surgical specialties in university hospi- 
tals was given impetus by World War I and 
great stimulus to the growth of the specialties 
has been provided by the various specialty 
boards which, like the American Board of 
Surgery, have been established in the last 3 
decades. 

Since World War II there has been a 
staggering increase in the number of hospi- 
tals which offer residency training oppor- 
tunities in surgery and the surgical specialties. 
Most of this increase has been the result 
of the development of residency programs 
in hospitals unrelated to universities. Among 
the multiple factors responsible for this 
tremendous increase in the number of 
residencies were (1) the influence of the vari- 
ous boards on both surgical aspirants and hos- 
pitals, (2) the American College of Surgeons 
and its efforts to upgrade surgical services 
and training programs, and (3) the activities 
of the Conference Committee on Graduate 
Training in Surgery which, since 1950, has 
been responsible for national approval of 
residency training programs. The fourth fac- 
tor has been the desire on the part of many 
hospitals and their staffs to attract residents 
largely for purposes of improving service to 
patients. This factor, while commendable in 
one light, has in all too many instances made 
of Halsted’s residency plan of graduate edu- 
cation as Mulholland* ' iid, “a modern 
mockery, wherein, instead ot the resident 
being provided with facilities, he has become 
just another facility, an invaluable and rather 
inexpensive facility.” 

According to data assembled by Frank 
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Glenn® for a recent report, there are at the 
present time in the United States 2,267 
programs in hospitals which offer 12,364 
residency positions in general surgery and 
the surgical specialties. In general surgery 
704 hospital programs approved by the Con- 
ference Committee offer a total of 5,837 
positions. There are 1,563 approved pro- 
grams in the 9 surgical specialties which 
offer 6,527 positions. The magnitude of 
graduate surgical education in the United 
States is illustrated by these almost astro- 
nomical figures. Concomitant with the 
quantitative growth of opportunities for such 
graduate education, the trend of specializa- 
tion has resulted in an increasing separation 
of the surgical subspecialties from general 
surgery, both in residency programs and in 
practice. That this trend represents the 
progress of our times with productive benefits 
is undeniable and generally commendable. 
However, continuation of this trend in 
graduate surgical education in an unguided 
manner may lead to a ridiculous degree of 
overspecialization of interests with extremely 
narrow perspectives and premature acquisi- 
tion of skills on a trade school basis. As 
Victor Bonney* has pointed out, “Too 
restricted attention to one subject cramps 
the outlook, narrows the mind, destroys the 
sense of proportion, deforms the specialty 
and tends in the end to transform it into a 
cult.” 

In his presidential address to this Society 
in 1948 Zollinger’ discussed the manner in 
which the postwar trends in specialization 
were converting the field of general surgery 
into a narrow specialty. He also presented 
data at that time which indicated that the 
majority of teachers of surgery held the 
opinion that a broad training in general 
surgery is essential before intensive specializa- 
tion. He concluded that a general surgical 
service has a twofold obligation—to supply 
the basic surgical training for the surgical 
specialties and to furnish the requisite experi- 
ence for the general surgeon. 

Thirteen years have now elapsed since Dr. 
Zollinger’s presentation. During this period 
the trends of specialization have continued. 
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Despite Pearce’s suggestion that surgical 
education is rightfully a function of the 
medical schools, it has become increasingly 
apparent that the universities and their 
affiliated hospitals are inadequate numeri- 
cally to supply all the demands of graduate 
surgical education. The influence of the 
various boards and reviewing agencies in . 
graduate surgical education has become 
stronger. Although a joint conference of the 
surgical specialty boards is held annually, 
each of the boards is entirely autonomous 
and establishes its own criteria for qualifica- 
tion. With the exception of the Board of 
Thoracic Surgery, none of the specialty 
boards has a direct relationship to the Ameri- 
can Board of Surgery. Perhaps this is as 
it should be in a democracy and probably 
there is no particular reason for the Ameri- 
can Board of Surgery to stand in loco par- 
entis to any of the specialty boards. I don’t 
believe the members of the American Board 
of Surgery would wish to assume such an 
onerous paternal obligation even in the un- 
thinkable event that such a relationship 
might be brought about. Nevertheless, it is 
important to realize that the various boards 
which have become so enormously powerful 
in the direction of the patterns of graduate 
surgical education are individually autono- 
mous entities with a minimal degree of inter- 
dependence. 

In the last several years various groups 
concerned with graduate education in sur- 
gery have become gravely concerned with 
the trends which are promoting premature 
and overly complete specialization and 
which seem to be making a “modern 
mockery” of Halsted’s residency plan. Among 
others, these groups include the Regents and 
the Graduate Training Committee of the 
American College of Surgeons, the American 
Board of Surgery and the various specialty 
boards, and the Conference Committee on 
Graduate Training in Surgery. While the 
studies and discussions of these groups have 
brought out wide differences of opinion, most 
of them have indicated some degree of 
unanimity concerning the mutual inter- 
dependence and interlocking needs of general 
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surgery and the surgical specialties in resi- 
dency training. Data collected by the Ameri- 
can College of Surgeons have indicated that 
there is considerable support among directors 
of surgical training programs for the idea 
of providing more general surgical training 
for specialty residents, but opinions are 
divided as to what this training should con- 
sist of, how long it should be, and when it 
should take place in relation to concentrated 
residency experience in the specialty. The 
majority of directors of general surgical pro- 
grams seem to be of the opinion that basic 
residency experience general surgery 
should precede concentrated experience in 
a surgical specialty. On the contrary, some 
of the directors of residency programs in 
surgical specialties have voiced the opinion 
that their preference is to have their trainees 
obtain general surgical experience after basic 
education in their particular surgical spe- 
cialty. Many of the supporters of the latter 
opinion have stated that their reasons for 
this view are (1) that basic principles in 
surgical care are provided as well in specialty 
residencies as in general surgical programs, 
(2) that specialty residents assigned to gen- 
eral surgery are given a “better deal” if they 
have a more advanced training status, and 
(3) that instruction in certain technical 
aspects of general surgery is the desired aim 
of a general surgical assignment for a spe- 
cialty resident, that is how to perform a 
bowel resection, how to perform a radical 
neck dissection, and so forth. Some of the 
directors of training programs in certain 
surgical specialties, notably ophthalmology, 
anesthesiology, and obstetrics and gynecology, 
have expressed the opinion that general 
surgical training is not necessary for trainees 
in their specialty. 

A review of the current residency training 
requirements of the various specialty boards 
indicates that 1 year of residency training 
in general surgery is considered desirable by 
the boards of urology, otolaryngology, neuro- 
surgery, and orthopedics. Three years of 
general surgical residency are required by 
the Boards of Plastic Surgery and Proctology, 
while the Board of Thoracic Surgery de- 
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mands full general surgical training with 
certification by the American Board of Sur- 
gery prior to thoracic board examinations. 
On the other hand, 3 of the specialty boards, 
specifically ophthalmology, anesthesiology, 
and obstetrics and gynecology, require no 
general surgical training in the qualifications 
for their examinations. Thus, the various 
specialty boards vary greatly in their official 
concepts of graduate surgical education. 

As a means of counteracting the adverse 
effects of premature specialization and of 
providing a broader base for the graduate 
education of both general surgeons and 
surgical specialists, it has been recently 
proposed to the Graduate Training Com- 
mittee of the American College of Surgeons 
that a 2-year plan of basic residency in 
general surgery and the surgical specialties 
be developed to provide broad grounding 
in the fundamentals of surgical care prior to 
subsequent training either in general surgery 
or in the specialties. This proposal has 
evoked considerable discussion. The Society 
of University Surgeons has inherently a large 
stake in the patterns of residency training 
with interest in both undergraduate and 
graduate education in surgery. This Society 
has the potential of exerting great influence 
on developments in surgical education on 
both national and international levels. It oc- 
curred to me that an appraisal of the 
opinions of the heads of departments ot 
surgery and a survey of the current patterns 
of graduate surgical education in the mem- 
ber institutions of the Society of University 
Surgeons would be helpful in determining 
the merit of this proposal and, if it seems 
desirable, in establishing what an optimal 
plan for basic surgical training might consist 
of. Concomitantly, I thought it would be 
interesting to ascertain what the various 
member institutions of this Society are 
actually doing in their own programs of 
graduate surgical education at the present 
time. Accordingly, I have assembled infor- 
mation concerning the current patterns of 
residency training in our member institutions. 
Thirty-seven overworked department heads 
have been kind enough to provide opinions 
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and facts about their own programs and 
I am very grateful to them. 

The facilities for graduate surgical edu- 
cation available to our member institutions 
are extensive. The majority of member 
hospitals in which university residencies are 
based have over 500 beds. Eighteen of the 
group are hospitals of over 700 beds with 
a maximum of 3,000 beds. In addition, all 
except 3 extremely large units among our 
Society’s member institutions are affiliated 
with at least 1 or 2 other hospitals in their 
residency programs. Fourteen member insti- 
tutions have 3 to 5 such affiliates and one 
institution has 6 affiliates with a total of 
5,900 beds available for residency training 
in medicine, surgery, and the specialties. The 
hospitals affiliated with our member institu- 
tions include 31 privately and publicly sup- 
ported general hospitals and 20 Veterans 
Administration hospitals in addition to 24 
specialized units, most of which are con- 
cerned with tuberculosis, cancer, or pedi- 
atrics. 

Most of the university hospitals offer 
straight surgical internships and this form 
of internship is preferred by 22 of the 37 
department heads for their trainees. Eight 
chiefs prefer a rotating or mixed internship 
and 5 have no preference. Two chiefs prefer 
either a straight surgical or a straight medi- 
cal internship. 

The university hospital residencies in 
general surgery are all at least 4 years in 
length. In Fig. 1 it is seen that most of our 
programs actually provide at least 5 years 
of residency experience after the internship. 
The few 6- and 8-year residencies are specifi- 
cally designed for academic aspirants. The 
university residencies are all dedicated to the 
theme of graduated, increasing clinical re- 
sponsibility, culminating in the total responsi- 
bility of the senior resident. The latter part 
of each program is thus necessarily devoted 
to a concentrated period of experience in 
depth in general surgery. In most of our 
member institutions thoracic and cardiovas- 
cular surgery are included as a part of this 
senior experience. In addition to the period 
of senior responsibility, the university resident 
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Fig. 1. University surgical residency programs. 
The usual number of years after internship. 
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Fig. 2. Usual duration of clinical assignments in 
general surgery in university surgical residency 
programs. 


is provided preliminary experience in general 
surgery, the various specialties, and in the 
laboratory during his period as assistant 
resident. Fig. 2 is a tabulation of data from 
our survey indicating the time each resident 
usually spends prior to and including his 
senior experience in our member institutions 
in general surgery, exclusive of the surgical 
specialty and laboratory assignments pro- 
vided. The length of time varies from a 
minimum of 24 months to a maximum of 
48 months. 

Fig. 3 indicates the patterns of surgical 
specialty and laboratory assignments pro- 
vided by our member hospitals in their 
general surgical residencies. There is, of 
course, flexible variation in these patterns in 
each of our residency programs and these 
tabulations can only summarize the domi- 
nant trends. It is interesting that only one 
institution apparently provides no experience 
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Fig. 3. Usual duration of assignments in labora- 
tory and specialties in university surgical residency 
programs. 


in the surgical specialties in its residency. 
Another program provides no specific time 
in laboratory experience, but this is available 
to the residents who may elect it. 

From these simple tabulations it can be 
discerned that the current prototype of 
graduate education in general surgery among 
the member institutions of the Society of 
University Surgeons consists of a straight 
surgical internship followed by a_ 5-year 
residency program which provides 36 months 
of experience in general surgery, 12 months 
in specialty assignments, and 12 months in 
the laboratory. 

A more detailed analysis of the content 
of the residency programs in general surgery 
in our member institutions is presented 
graphically in Fig. 4. From this it can be 
seen that in addition to or as a part of 
general surgery, our residencies provide edu- 
cational opportunities in a wide variety of 
special fields. Pathology, with other basic 
disciplines, pediatric, thoracic, and cardio- 
vascular surgery and proctology, are: uni- 
versal features of the university programs; 
the latter 3 are usually included in the 
general surgical services. With the exception 
of 1 or 2 residencies, experience is also 
routinely provided in plastic surgery, urology, 
experimental surgery, and orthopedics or 


fractures, or both. Half of the programs | 


provide some experience in anesthesiology 
and gynecology, but only a few include 
otolaryngology. 

These data reflect the majority opinions 
of the directors of residency programs in the 
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member institutions of this Society concern- 
ing the value of the basic disciplines and 
the experimental laboratory work with a 
breadth of clinical experience in general 
surgery and the special fields in graduate 
surgical education. When these data are 
compared with the results of a similar analy- 
sis made by Zollinger in 1948 it is apparent 
that in the last 13 years there has been a 
definite trend to include more of the spe- 
cialty fields in the university residencies in 
general surgery. The smallest increment of 
progress in this regard has been made with 
gynecology, which Zollinger noted in 1948 
to represent “the most glaring discrepancy 
between the actual needs of the practitioner 
of surgery and what is offered in the [general 
surgical | training programs.” 

In Fig. 5 the usual patterns of the first 
2 years of university surgical residency pro- 
grams are summarized graphically. During 
this junior assistant residency period the 
majority of our university programs provide 
clinical experience in both general surgery 
and the specialties and, in many instances, 
some time in ‘the laboratory is also provided. 
Programs which offer only clinical assign- 
ments in the first 2 years as a rule arrange 
laboratory opportunities during the third 
year of the residency. 

It can be concluded that the period of 
the first 2 years of our university surgical 
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Fig. 5. The usual patterns of the first 2 years of 
university surgical residency programs. 


residencies, designed primarily for the edu- 
cation of general surgeons, actually con- 
stitutes a basic program of education in 
the general field of surgery including the 
specialties. 

It is the universal and firm conviction of 
the heads of our university departments of 
surgery that experience in general surgery 
is of paramount importance in the education 
of surgical specialists. This conviction is 
shared by the directors of educational pro- 
grams in thoracic surgery, plastic surgery, 
proctology, and in the budding specialty of 
pediatric surgery. It is shared to a more 
limited degree by our orthopedists, urologists, 
otolaryngologists, and neurosurgeons and ap- 
parently not at all by many anesthesiologists, 
ophthalmologists, and gynecologists. ‘There 
is no unanimity of opinion, however, among 
the specialists who recognize the value of 
general surgical training as to what this 
experience should be, or how it should be 
related to the specialty residency programs. 
Virtually all of our professors of surgery 
believe that experience in general surgery 
and experience in the specialties are insepa- 
rable components of the graduate education 
of both general surgeons and surgical spe- 
cialists. Most of these teachers of surgery 
have the conviction that any individual 
destined toward a career in surgery or a 
special surgical field should have in his 
graduate education fundamental grounding 
in the principles of surgical care, including 
experience with a wide variety of problems 
in the general field of surgery, before he 
limits his learning activities to an anatomic, 
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physiologic, or pathologic area of specialized 
interest. The majority of the heads of our 
departments of surgery thus tend to favor 
the proposal for a basic residency in surgery 
as a preliminary period of graduate educa- 
tion prior to more concentrated residency 
training in general surgery or the surgical 
specialties. 

If a basic surgical residency is to provide 
grounding in fundamental principles of 
whole surgical care, it is logical that it must 
entail clinical opportunities to cope with a 
wide variety of the problems encountered 
on both general surgical and specialty serv- 
ices. Increasing clinical responsibility, in- 
cluding increasing operative experience 
under supervision, should be a part of these 
opportunities. It is obvious that there must 
be collaboration by general surgical and 
specialty divisions in implementing a basic 
residency, and to be successful it would ap- 
pear mandatory that such a program be as 
valuable and desirable for men who go into 
the specialties as for trainees who continue 
in general surgery. It seems unlikely that 
these goals could be obtained in a single 
year of residency experience. They would 
probably require a minimal period of 2 years 
after the internship. 

The details of structure and content of 
a basic surgical residency require careful 
consideration. The basic period should not 
be a rigid, stereotyped series of assignments 
which are imposed upon the junior resident 
as requirements, but should be flexible 
enough to allow the trainee some freedom 
of choice within the limitations of a given 
hospital’s educational facilities. The patterns 
of the first 2 years of the majority of uni- 
versity hospital surgical residencies lend 
themselves admirably to such a plan. It is 
my suggestion that the basic residency in- 
clude approximately 12 months of general 
surgical experience and approximately 12 
months of experience in surgical specialties, 
including the possibility of a brief period in 
the laboratory as a substitute for one or more 
specialty assignments. During the period of 
assignments in general surgery the trainee 
would have the same learning opportunities 
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as he has at present in general surgical 
residencies. He would serve as a junior 
assistant resident with responsibilities in the 
general surgical wards and in the operating 
rooms, with perhaps brief rotations to the 
outpatient department and/or the emergency 
service. In order to promote flexibility in the 
program and to permit increasing clinical 
responsibility with increasing operative ex- 
perience in general surgery, it might be 
desirable to divide the general surgical as- 
signments equally between the 2 years. 

The content of the program in so far as 
the specialties are concerned poses a more 
difficult problem. Multiple brief rotations 
through all of the available organized spe- 
cialties in a large institution might result in 
superficiality. We have seen previously in 
the analysis of university surgical residencies 
that certain of the special fields are com- 
monly included in the activities of the gen- 
eral surgical service, specifically, proctology 
and pediatric, thoracic, cardiovascular, and 
plastic surgery. Therefore, it appears that 
the major needs for specific specialty assign- 
ments in a basic surgical residency would be 
provided by urology, orthopedics, gynecology, 
and neurosurgery. Furthermore, these are 
the specialties which have the greatest 
number of organized residency programs in 
the teaching hospitals. It is my suggestion 
that the trainee might elect, with the ap- 
proval of the program director, one of 3 
alternatives, (1) to rotate through each of 
the special assignments, (2) to substitute for 
one or more of them an equivalent period 
of time in the laboratory (surgical pathology, 
surgical research, physiology, and so forth), 
or (3) to substitute for one or more of them 
clinical assignments to other specialty serv- 
ices represented in the institution, such as 
plastic or thoracic surgery or otolaryngology, 
and so forth, which might be more contrib- 
utory to the trainee’s subsequent plan for 
specialization. 

I suggest that the organization of the basic 
surgical residency be under the direction of 
the head of the department of surgery with 
the advice, collaboration, and assistance of 
a committee composed of the heads of the 
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specialty departments or divisions with the 
head of the department of surgery as chair- 
man. It seems logical to suggest that all 
appointments to the basic residency be made 
by this committee. Furthermore, to avoid 
any new complexities of nomenclature, it 
seems logical that these appointments be as 
“assistant resident surgeon,” or the equiva- 
lent term in use by an individual hospital, 
and that the men so appointed be carried on 
the roster of trainees assigned to the hospi- 
tal’s general surgical service. 

After the basic residency period the trainee 
would continue with more concentrated 
residency experience in the field of his 
choice, and with completion of his training 
should have the qualifications for examina- 
tions of a specific board. This plan does not 
in any way preclude the possibility or the 
desirability of gaining additional experience 
during the subsequent years of training, 
either in the laboratory or in clinical fields 
other than that of the specific residency 
which is elected. Neither does it preclude the 
possibility or desirability of any trainee’s ob- 
taining much more extensive laboratory or 
clinical research experience prior to or dur- 
ing the basic residency period by a leave of 
absence from the clinical program. 

In Fig. 6 a schema is presented which 
indicates the manner in which the proposed 
basic ‘residency would be related to more 
advanced and specialized surgical training. 
In this schema the possibility of a basic board 
examination is suggested. This might be de- 
veloped by collaboration of the various 
specialty boards with the American Board of 
Surgery to serve as a qualifying examination 
in basic science and in the fundamentals of 
surgical care. 

Both ophthalmology and anesthesiology 
have been omitted from this schema and 
from the bulk of the preceding discussion 
on the basis of features unique to these 
specialties and the statements made previ- 
ously by their representatives to the effect 
that a basic surgical residency would be of 
little value to their trainees. 

What would be the specific effects on the 
current patterns of graduate surgical educa- 


4 
4 


Volume 50 
Number 1 


| INTERNSHIP 


Basic surgical education 9 


BASIC SURGICAL RESIDENCY 
( 2yrs. General Surgery + Specialties) 


Basic Board Examination | 


Ob.- Gyn. Orthopedics Plastic General 
Surgery 


tion if such a proposal were to be generally 
adopted? In the majority of general surgical 
programs, especially those in university hospi- 
tals, relatively little change would be neces- 
sary in the present patterns of assignment 
and rotation. As we have seen, most uni- 
versity surgical residencies and, indeed, most 
of the approved residencies in general surgery 
in nonuniversity hospitals already provide 
the essentials of this proposal in the patterns 
of their first 2 years. There would be no 
need for increasing the over-all length of 
residency programs above the current pro- 
visions which lead to board qualifications 
in proctology in plastic, thoracic, and cardio- 
vascular surgery, or in general surgery. The 
more intensive interest and collaboration of 
the specialistics in a basic residency plan, 
however, should add considerable strength to 
the preliminary education of individuals who 
complete their training in general surgery 
or the aforementioned specialties which cur- 
rently require 3 or more years of general 
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surgical training as a part of their graduate 
educational plans. 

The greatest changes which would result 
from general adoption of the basic residency 
proposal would be in the current patterns 
of graduate education of orthopedists, urolo- 
gists, otolaryngologists, neurosurgeons, and 
gynecologists. At present, even in many of 
our university hospitals, most of these spe- 
cialty programs accept their trainees directly 
from the internship. Except for gynecology, 
each of these specialties encourages or re- 
quires 1 year of general surgical residency 
training as a part of its respective board 
qualifications. However, there is in general 
no specific plan as to how this year of general 
surgery is related to the remainder of the 
specialty residency or as to what it is to 
provide. In many instances this “general 
surgical” year has been a source of great 
discontent both to directors of specialty pro- 
grams and their trainees. In the survey made 
by the American College of Surgeons recently 
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the complaint was frequently registered that 
the specialty trainee who rotated to a general 
surgical service was not given the same clini- 
cal opportunities or as much to do as the 
equivalent trainee in general surgery. This 
source of discontent and intramural dishar- 
mony in our teaching hospitals would be 
eliminated by the general adoption of the 
basic residency proposal. 

This proposal would at first glance have 
the effect of increasing by 1 year the current 
residency training requirements in orthope- 
dics, neurosurgery, otolaryngology, and urol- 
ogy and by 2 years the requirements for 
board qualifications in obstetrics and gyne- 
cology. In this regard it should be noted that 
a few of our university residencies in these 
specialties already require 2 or 3 years of 
general surgical training prior to the spe- 
cialty residency. If the basic surgical resi- 
dency provides an adequate grounding in 
fundamentals (which currently must be 
provided by the specialty program) with a 
breadth of clinical experience in general 
surgery and the special fields it is possible 
that the length of time a resident must now 
spend in the concentrated experience of his 
elected specialty could be reduced accord- 
ingly. This would have to be decided by the 
directors of the respective specialty residen- 
cies in collaboration with their representative 
boards. That an additional period of time 
would result from adoption of the basic resi- 
dency plan for the resident in the specialty 
of obstetrics and gynecology would appear 
to be unavoidable. However, I can think of 
no special field of medicine which would 
profit more by the adoption of the basic 
residency proposal. 

Currently the popular 3-year residencies 
which lead to board qualification in obstet- 
rics and gynecology provide only an 18- 
month period in which surgical principles 
and their concentrated application to gyne- 
cology are learned by the trainee—the re- 
mainder of the residency is devoted to ob- 
stetrics. The board-certified specialist in this 
field thus has usually a total of a year and 
one-half of limited surgical residency experi- 
ence to equip him in his subsequent manage- 
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ment of the pelvic problems of our mothers, 
wives, and daughters. 

In his presidential address to the Southern 
Surgical Association in 1954, an eminent 
gynecologist, Dr. John Burch,? decried the 
deficiencies of the residency programs in ob- 
stetrics and gynecology, as well as those in 


general surgery, in providing adequate ex- 


perience for the man who is to deal with 
the surgical problems of the female pelvis. 
He summarized the dilemma by indicating 
that the general surgical residencies provided 
the surgical “know-how” but without ade- 
quate knowledge of gynecology, while in 
the residencies in obstetrics and gynecology 
the reverse was the case. A basic surgical 
residency prior to concentrated training in 
gynecology would be a logical solution. 

In conclusion it is my conviction that the 
acceptance and development of the basic 
surgical residency plan would improve grad- 
uate surgical education on a country-wide 
basis, both in general surgery and the surgi- 
cal specialties. Implementation of the plan 
with direction which would insure that it 
provide basic surgical education and not sim- 
ply a series of stereotyped training assign- 
ments would be ideally initiated by university 
hospitals and especially by the member insti- 
tutions of the Society of University Surgeons. 

To summarize this discussion concisely I 
can do no better than to quote from the ad- 
dress given by Dr. Isidor Ravdin® a few 
years ago at the dedication of the Mayo 
Memorial Building at the University of Min- 
nesota. Among other things, Dr. Ravdin said, 
“Halsted founded a new concept in the 
training of young surgeons. . . . In this age 
of specialization there is a lack of apprecia- 
tion of the necessity for rigorous training 
in general surgery as the cornerstone upon 
which all surgical achievement is founded. 
Even though the young surgeon should fi- 
nally select a relatively narrow field his pre- 
liminary training should be as broad as it is 


_ possible to make it.” 
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The use of low molecular weight 


dextran and serum 
albumin as plasma 
expanders in. 
extracorporeal 


circulation 


he quest for blood substitutes and 
plasma expanders is a principal concern 
for investigators in many surgical fields. Be- 
cause of the large quantities of blood gener- 
ally used to prime extracorporeal circuits and 
artificial oxygenators, the problem of a safe, 
effective plasma expander is of particular 
interest to groups engaged in open-heart 
surgery. Ideally, substitution of a plasma ex- 
pander for donor blood can decrease the like- 
lihood of blood incompatibility reaction and 
the incidence of viral hepatitis. In addition, 
the problems of acidosis and trauma to vital 
corpuscles and plasma proteins may be les- 
sened. Practically speaking, the work and 
expense of securing and_cross-matching 
donor blood are also lessened. 

Our interest in the investigation of low 
molecular weight dextran as a plasma ex- 
pander was stimulated by the work 
of Gelin'® and his colleagues’? ** and 
Thorsen and Hint.?’ Gelin described the 
occurrence of intravascular aggregation 
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after injury and during hypothermia and the 
reversal of these effects by the use of low 
molecular weight dextran. Others” 1° 17 had 
observed the phenomenon of intravascular 
aggregation or sludging of blood corpuscles 
in a great number and variety of stressful 
conditions. It is difficult to envision how the 
decrease in the capillary blood flow and 
plugging of venules and arterioles by sludged 
blood cells and thrombi could be anything but 
deleterious. Nevertheless, we had not con- 
sidered intravascular aggregation to be of any 
real consequence in extracorporeal circula- 
tion before the report by Gelin. His work 
demonstrated that the anemia of injury was 
due primarily to the loss of red blood 
corpuscles from the circulation by the process 
of intravascular aggregation. The decrease 
in circulating hemoglobin in traumatized 
animals and human beings could be largely 
prevented by the daily administration of low 
molecular weight dextran. Even more in- 
triguing was the finding that multiple micro- 
scopic infarcts in vital organs can be caused 
by the aggregation of blood corpuscles. 
After open-heart operations we noted that 
patients developed an anemia similar in 
degree and duration to that seen in patients 
after fractures, burns, myocardial infarction, 
and other forms of injury.® It was assumed 
generally that the anemia after extracor- 
poreal circulation was due to a combination 


i 
. 
Es. 
j 
3 


Volume 50 
Number 1 


of the shortened life expectancy of transfused 
erythrocytes and mechanical injury of the 
blood cells by pumps and oxygenating ap- 
paratuses. 

Open-heart operations are unquestionably 
a significant form of trauma, as is any major 
surgical procedure. The moderate anemia 
seen in most patients is in itself of no real 
concern to the patient or the physician. How- 
ever, if even a part of this postoperative 
anemia is indicative of widespread arteriolar 
and venular occlusion and thrombosis, there 
may be adequate explanation for the puzzling 
and indefinable morbidity and death seen 
occasionally in some of these patients. Thus, 
for these reasons, we were stimulated to ex- 
amine the microcirculation during extracor- 
poreal circulation. Our initial attitude was 
one of skepticism. Moreover, during the 
initial phases of the study, no clear-cut 
changes in small-vessel blood flow were dis- 
cerned. However, accurate appraisal of the 
microcirculation requires some experience, 
skill, and training, as do other microscopic 
techniques. With additional experience in 
the microscopic examination of the blood 
flow in small vessels, the changes due to 
intravascular aggregation became apparent, 
and it became evident that the restoration 
of normal small-vessel circulation could 
be accomplished by the administration 
of Rheomacrodex.* In addition, the develop- 
ment of microinfarcts in the liver, kidney, 
and myocardium, as observed after prolonged 
periods of extracorporeal circulation in dogs, 
could be prevented or minimized by Rheo- 
macrodex. 

These observations in dogs raised certain 
questions as to whether there might be any 


undesirable effects from use of low molecular | 


weight dextran and whether other plasma ex- 
panders such as serum albumin might have 


*Rheomacrodex refers to the low molecular weight dex- 
tran used in this study which was supplied by Pharmacia 
Laboratories, New York, N. Y. The average molecular 
weight of this substance is 41,000 and the intrinsic vis- 
cosity is 0.19. The low fraction has an average molecular 
weight of 14,500 and is 11.4 per cent of the total, and 
the high fraction has a molecular weight of 68,000 and 
is 10.6 per cent of the total. A solution of 10 per cent 
Rheomacrodex in 0.9 per cent saline solution has a buffer 
capacity of 1.5 ml. of 0.1 N sodium hydroxide per liter 
‘and a pH of 5.1. 
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beneficial effects. Moreover, the question has 
been raised as to whether 5 per cent dextrose 
in water or normal saline solution might also 
have antisludging properties when added to 
blood, simply because of the dilutional 
effect. 

When properly prepared, normal human 
serum albumin is a safe and effective plasma 
expander. The principal disadvantage with its 
use is the limited supply and relatively high 
expense of the processing required for separa- 
tion of albumin from human plasma. Syn- 
thetic materials such as dextran may be pre- 
pared in large quantities so that the expense 
can be decreased. The fact that Rheomacro- 
dex also prevented intravascular aggregation 
made this substance particularly attractive. 
However, past experience with previously 
available dextran preparations demonstrated 
that the administration of quantities in excess 
of 1,000 to 1,500 ml. resulted in serious bleed- 
ing problems.* ® 1% 2% 25 26 The work of a 
number of investigators in this country,** in 
Sweden,** ** and in the armed forces’ during 
the Korean conflict indicated that the bleed- 
ing was due to the large molecuiar fraction 
of dextran preparations. The safe upper limit 
of molecular weight in this consideration is 
probably approximately 80,000. 

Careful studies on dogs in this laboratory 
indicated that Rheomacrodex had no effect 
on coagulation mechanisms in the normal 
anesthetized dog or in the dog subjected to 
cardiopulmonary bypass. However, coagula- 
tion defects did develop from time to time 
after extracorporeal circulation in human 
subjects for various reasons related either 
to basic coagulation defects or technical 
problems, and the postoperative blood loss 
from chest tubes was sometimes far greater 
than that encountered with the ordinary tho- 
racotomy. The purpose of this study was 
therefore twofold. First, an attempt was made 
to quantitate the physiologic effects of the 
use of plasma expanders. Second, we were in- 
terested in evaluating the effect of Rheo- 
macrodex and normal human serum albu- 
min* on coagulation mechanisms and blood 
loss in patients with many varying types and 


*Supplied by Merck Sharp & Dohme, West Point, Pa. 
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Fig. 1. This dissecting microscope has a magnifica- 
tion system of x50 and is used to examine the 
microcirculation of the ocular conjunctiva of 
patients. The microscope is mounted on a semi- 
rigid arm taken from a desk lamp. This system 
provides sufficient stability for accurate examina- 
tion of the blood flow and flexibility for position- 
ing in crowded areas. 


stages of heart disease after extracorporeal 
circulation. 


METHODS 


The microcirculation was observed in the 
ocular conjunctiva of 40 patients before, 
during, and after extracorporeal circulation. 
In addition, the microcirculation was ob- 
served in a larger number of patients in the 
recovery rooms after operation and during 


periods .of complicated convalescence. The | 


technique used was similar to that of Gelin’® 
and of necessity much less complicated than 
that used by Knisely’? and others. A mo- 
nocular microscope (Fig. 1) with a magnifi- 
cation of x50 was attached to one end of a 
flexible arm and a C clamp was attached 
to the other end. The arm was attached to 
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the operating table or the patient’s bed and 
the microscope was positioned over the eye 
of the patient. The light source consisted of 
a common flashlight of sufficient intensity 
but with little heat emission. Ophthalmic 
ointment or an ophthalmic solution of 
methylcellulose was used to prevent drying 
of the conjunctiva in unconscious patients 
during periods of long examination. With 
training and a cooperative patient, surpris- 
ingly thorough appraisals of the microcircu- 
lation were made with this simple technique. 
The equipment used in the extracorporeal 
circulation consisted of the helix reservoir 
bubble oxygenator and the Sigmamotor 
pump.* Donor blood was collected within 
24 hours of operation in siliconized bottles 
with 2,000 U.S.P. units (20 mg.) of sodium 
heparin in 20 ml. of 0.9 per cent saline 
solution. The patients were divided into 3 
series. Selection of patients for any given 
series was made by a single blind control 
method. Three sets of 200 cards marked 
“control,” “albumin,” or “dextran” were 
randomly mixed in a sealed box. The tech- 
nician in charge of the oxygenator drew a 
card from the box just before priming the 
oxygenator. If a control card was drawn, no 
albumin or Rheomacrodex was added to the 
priming volume. Albumin or Rheomacrodex 
were added as indicated according to the 
formulas (1) normal human serum albumin, 
5 per cent solution, 20 ml. per kilogram of 
body weight (1.0 Gm. per kilogram); and 
(2) Rheomacrodex, 10 per cent solution in 
0.9 per cent saline solution, 20 ml. per kilo- 
gram of body weight (2.0 Gm. per kilo- 
gram). An additional 150 ml. of plasma ex- 
pander was added to the oxygenator for each 
additional 1,000 ml. of blood added during 
cardiopulmonary bypass. In the last 12 pa- 
tients in this study, the quantity of plasma 
expander used in priming was increased to 
25 ml. per kilogram of body weight. 
Purposeful deviations from this completely 
blind control system occurred in some cases. 
When the patient had one of the more diffi- 
cult types of acquired multivalvular disease 
or severe tetralogy of Fallot which might ne- 
cessitate a prolonged perfusion and a control 
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card was drawn, Rheomacrodex was added 
to the oxygenator. In addition, in several 
cases there were difficulties in securing a 
sufficient volume of blood because of an 
unusual blood type and a plasma expander 
was then used. Cross matching of blood was 
performed with Rheomacrodex when un- 
usual antibodies were detected in the pa- 
tient’s blood and Rheomacrodex was used in 
the oxygenator circuit. The alterations were 
considered justifiable in view of the clinical 
nature of the experiment. However, for 
these reasons, the distribution of more diffi- 
cult cases in which longer periods of extra- 
corporeal circulation were needed was 
weighted toward the 2 plasma expanders. 
Patients who died in the operating room are 
not included in this report since no post- 
operative data were available for comparison. 

Hemoglobin levels, platelet counts, venous 
clotting time, prothrombin time, clot retrac- 
tion, and plasma electrolyte levels were de- 
termined preoperatively and postoperatively 
as soon as the patient arrived in the post- 
anesthesia recovery room in as many in- 
stances as possible according to the limits of 
the laboratory facilities. Plasma fibrinogen 
determinations were made by the Kjell- 
Jacobson technique. Serum proteins were 
measured by paper electrophoresis with the 
Spinco apparatus. 

Total carbon dioxide content, oxygen con- 
tent, and oxygen capacity in arterial blood 
were measured manometrically with the 
Thomas-Van Slyke apparatus in approxi- 
mately one-half of the patients according to 
the limits of laboratory facilities. The Beck- 
man G pH meter was used to determine pH 
on all patients. Arterial blood samples for 
these determinations were drawn anaero- 
bically at 4 different intervals, (1) preoper- 
ative (arterial blood was drawn from the 
patient approximately one-half hour before 
the onset of extracorporeal circulation), (2) 
control (arterialized blood sample was drawn 
from the oxygenator reservoir before the 
start of extracorporeal circulation), (3) 
pump off (arterialized blood sample was 
drawn from the oxygenator reservoir at the 
conclusion of extracorporeal circulation) , 
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and (4), postoperative (arterialized blood 
sample was drawn from the patient approxi- 
mately 90 minutes after the finish of extra- 
corporeal circulation) . 

Plasma bicarbonate (HCO™;)p corrected 
to pH 7.4 was calculated from this data by 
means of the Henderson-Hasselbalch equation 
and rearrangements thereof according to 
Brown.° The plasma bicarbonate (HCO’;)p 
corrected to pH 7.4 was subtracted from 
24.0 mM. per liter, the normal value for 
(HCO’;)p for human beings, to obtain the 
value for bicarbonate deficit. Free plasma 
hemoglobin, Hb,, was determined at 3 dif- 
ferent time intervals, (1) preoperative 
(arterialized blood was drawn from the 
oxygenator reservoir before start of extra- 
corporeal circulation), (2) pump off (arteri- 
alized blood was drawn from the oxygenator 
reservoir at the finish of extracorporeal 
circulation), and (3) final (arterialized blood 
was drawn from the patient approximately 
90 minutes after the finish of extracorporeal 
circulation). Dextran levels in serum were 
determined according to the anthrone 
method of Wallenius.*° 

The volume of urine output was measured 
for the first 4 12-hour intervals after the 
patient returned to the postanesthesia re- 
covery room. The volume of chest drainage 
was also tabulated for the first 12-hour in- 
tervals immediately after operation to de- 
termine the effect of the plasma expanders 
on postoperative bleeding. 


RESULTS 


Microcirculation studies. Examination of 
the blood vessels of the ocular conjunctiva 
in human patients revealed both similarities 
and dissimilarities with the observations 
made in dogs during cardiopulmonary by- 
pass.” In healthy dogs, intravascular ag- 
gregation and changes in the microcircula- 
tion were rarely seen before the onset of 
cardiopulmonary bypass. During the first 10 
or 15 minutes, inconsistent alterations, such 
as decreased velocity and venous distention, 
were seen frequently. ‘The passage of blood 
through the small vessels then returned to 
normal. However, after 45 to 60 minutes of 
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Fig. 2. These photographs illustrate the changes which occur in the microcirculation 

of the mesentery of the dog during prolonged extracorporeal circulation. The dog was 

es normothermic and the perfusion rate was maintained at 100 ml. per kilogram per 
3 minute. Only small fluctuations occurred in the mean blood pressure. A, Control 
shows essentially normal circulation. The venule in this area is marked v and the 

arteriole a. B, The same area 25 minutes after the beginning of extracorporeal circula- 

tion shows the early granular appearance of the corpuscular suspension in the venule. 

Tip of arrow rests exactly on outside of wall of arteriole. Note the exaggerated 

axial accumulation of cells and thickening of the peripheral layer of plasma in this 

arteriole due to the intravascular aggregation in the central portions. C, After 2 

hours of extracorporeal circulation, the velocity of blood flow in the vessels is 

greatly diminished and large aggregates of corpuscles are present in the small vessels. 

Arrow points to wall of arteriole. The size of this arteriole had not decreased, but the 

fluid circulating through the arteriole is plasma with only a few aggregated cells. D, 

After 3 hours and 10 minutes of extracorporeal circulation and 10 minutes after 

addition of Rheomacrodex, 1.5 Gm. per kilogram body weight. The suspension of 

the corpuscles has improved and most of the aggregates have disappeared. Some of 

ae the venules are thrombosed, however. Velocity of blood flow is increased in all 
: vessels. The mass of red blood cells at the bifurcation is due to a collection of blood 


between the mesentery and the light source and not due to hemorrhage into the 
mesentery. (X200; reduced 1%.) 


extracorporeal circulation small clumps of red 
and white corpuscles and platelets formed, 
2 and there was an exaggeration of axial 
; streaming and an increase in the layer of 


flow in the arterioles and venules was de- 
creased. Corpuscular movement through 
capillaries was frequently absent in large 
fields of examination. Aggregates of cells 


plasma on the periphery of the vessels (Figs. 
2 through 7). To the naked eye and at low 
magnifications, exaggerated axial accumu- 
lation may be misinterpreted as vasospasm 
or decrease in the bore size of the vessels. 
The number and size of the aggregates 
gradually increased. After 2 hours of extra- 
corporeal circulation the velocity of blood 


began to adhere to the walls of veins and 
temporary occlusion of both arterioles and 
venules was observed frequently. Eventually 
thrombosis of vessels occurred. Pinkish-yellow 
fluid, presumably plasma, sometimes accumu- 
lated around the areas of microinfarction. 
Out of over 100 dogs studied during pro- 
longed extracorporeal circulation, only one 
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showed no evidence of impairment in the 
microcirculation. In fact, the blood flow 
seemed to improve with time in this one dog. 

All of these same alterations in micro- 
circulation were observed in the studies on 
human subjects. However, many of the 
patients demonstrated large numbers of intra- 
vascular aggregates before the onset of 
extracorporeal circulation. In some instances, 
the observation of intravascular aggregation 
correlated with preoperative elevations of the 
erythrocyte sedimentation rate. In patients 
who received no Rheomacrodex or albumin, 
impairment of the microcirculation occurred 
much earlier in the’ course of extracorporeal 
circulation than was observed in dogs. Within 
20 to 30 minutes, there was decrease in the 
velocity of blood flow and increase in the 
number of aggregates with occlusion of small 
vessels. Small arteriovenous shunts became 
more apparent by contrast. When intra- 
vascular aggregation was present before 
extracorporeal circulation, it became more 
severe during bypass and never improved 
even at perfusion rates as high as 110 ml. per 
kilogram per minute. In good-risk patients, 
such as those with simple atrial septal defects 
or uncomplicated ventricular septal defects, 
the duration of extracorporeal circulation was 
short and intravascular aggregation was not 
found until 3 to 5 days postoperatively. In 
1 patient with a tetralogy of Fallot lesion, no 
impairment of the microcirculation was ob- 
served during 1 hour and 42 minutes of 
extracorporeal circulation. It is of interest 
that this patient had an excellent urine out- 
put postoperatively but had elevation of 
circulating fibrinolysins and bled excessively 
during the postoperative period. 

Patients who received Rheomacrodex as a 
part of this study demonstrated no evidence 
of intravascular aggregation. Patients who 
received albumin demonstrated little or no 
evidence of intravascular aggregation. When 
the period after extracorporeal circulation 
was uncomplicated, the microcirculation re- 
mained normal until the third to fifth post- 
Operative day. However, if blood loss from 
the thoracotomy necessitated replacement 
with additional blood in the operating room, 
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the serum levels of dextran dropped to very 
low values immediately and. intravascular 
aggregation appeared. Dextran was excreted 
rapidly in the early postoperative period and 
serum albumin levels also dropped. Patients 
with chronic heart failure or the more severe 
forms of heart disease then developed intra- 
vascular aggregation within 6 hours post- 
operatively. In patients without complica- 
tions, just as in the control groups, intra- 
vascular aggregation did not appear until the 
third to fifth day postoperatively. Severe 
intravascular aggregation was seen regularly 
when infection or oliguria complicated the 
postoperative convalescence. 

Distribution of patients. The age and sex 
distribution and the mean weight for the 124 
patients studied are listed in Table I. From 
this table it can be seen that the average age 
and the average weight of the patients in the 
dextran and albumin series were greater than 
those of the controls. The distribution of. the 
patients according to cardiac lesion is pre- 
sented in Table II. Although not reflected 
directly in this table, the older patients with 


Fig. 3. Enlargement of Fig. 2, C, illustrates the 
plasma-skimming effect in the arteriole. Arrows 
point to walls of arteriole. The lumen of the 
arteriole has not changed in size. At lower magni- 
fications or when visualized by the naked eye, this 
type of change in the arteriolar blood flow is some- 
times misinterpreted as vasoconstriction, since the 
arteriole cannot be seen. 
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Fig. 4. Another set of vessels in the mesentery of the dog during extracorporeal 
circulation at a flow rate of 100 ml. per kilogram per minute. A, Control area illus- 
trates a normal variation in circulation. Note that the branch of the arteriole (a) 
in the upper right (arrow) contains primarily plasma with a few corpuscles. The 
individual corpuscles are well separated, however, and are not aggregated. B, Thirty 
minutes after the onset of extracorporeal circulation. Beginning aggregation in the 
venule and exaggerated axial accumulation of corpuscles with plasma skimming in the 
arteriole (arrow). C, Two hours and 30 minutes after onset of extracorporeal circu- 
lation. Occlusion (0) of the venule with clumps of corpuscles. D, Three hours and 5 
minutes of extracorporeal circulation and 15 minutes after the administration of 
Rheomacrodex. Velocity of blood flow has improved and aggregates are disappearing. 
However, by this time the venule has become thrombosed (t). (200; reduced %.) 


tetralogy of Fallot lesion and with the farther 
advanced acquired valvular heart disease 
were generally given plasma expanders, either 
by blind selection or by purposeful deviation 
from this system. 

Hematologic and biochemical changes. 
The patients were analyzed according to the 
increase in plasma hemoglobin during the 
period of extracorporeal circulation and this 
information is presented in Table III. The 
mean increase in plasma hemoglobin per 
minute of extracorporeal circulation in the 
dextran series was 42 per cent less than that 
of the control series. This figure was statis- 
tically significant with a p value < 0.001. 
The increase in plasma hemoglobin in the 
albumin series was 19.6 per cent less than in 
the control series, but this change was not 
statistically significant. 


During the first 90 minutes after extracor- 
poreal circulation, there was a decrease in 
the plasma hemoglobin. The mean de- 
creases and standard errors of the means were 
control 26.5 + 6.6 mg. per cent, dextran 33.5 
+ 5.1 mg. per cent, and albumin 26.4 + 10.6 
mg. per cent. Analysis of the differences be- 
tween the dextran and albumin experimental 
groups and the control group showed that 
the differences were not statistically signif- 
icant. Therefore, there was no evidence that 
the excretion or clearance of free plasma 
hemoglobin from the circulation was signif- 
icantly different in the 3 groups. 

An attempt was made to quantitate 
changes in plasma bicarbonate deficits dur- 
ing the period of extracorporeal circulation 
in order to estimate the effects of the plasma 
expanders on the development of metabolic 
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Table I. Age, sex distribution, and weight 


Control | Dextran | Albumin 

Age (yr.) group group group 
0- 2 0 0 1 
3-10 23 14 13 
11-20 15 12 13 
21-30 2 6 4 
31-40 2 3 4 
41-50 3 2 2 
Over 50 ~ 0 4 1 

Average age 13.5. 21 17.5 
Male 20 27 17 
Female 25 14 21 

Average weight 


(Kg.) 32.7 46.1 43.3 


acidosis. The plasma bicarbonate deficit was 
calculated in the patient’s blood before 
extracorporeal circulation (AHCO-;), and 
in the priming blood (AHCO-;), in the 
oxygenator reservoir. Since the priming 
volume of the oxygenator was usually ap- 
proximately equal to the patient’s blood 
volume, the average bicarbonate deficit be- 
fore extracorporeal circulation was calcu- 
lated: 
(AHCO-;); + (AHCO-;): 
2 

The value for this initial bicarbonate deficit 
was then subtracted from the bicarbonate 


deficit calculated at the end of extracorporeal 


circulation. We recognized that there were 
unavoidable errors in the calculation of 
bicarbonate deficit, particularly because of 
difficulties in securing representative samples 
of blood. However, it was assumed that the 
errors would be reproduced in each group. 
Experimental studies have proved that the 
metabolic acidosis acquired during extra- 
corporeal circulation is directly proportional 
to the volume and age of the priming blood 
and the duration of the extracorporeal cir- 
culation at comparable rates of perfusion. 
The mean increases in bicarbonate deficit 
and the standard errors of the means in the 3 
groups were control, 0.063 + 0.011 mM. per 
liter per minute; dextran, 0.062 + 0.011 mM. 
per liter per minute; and albumin, 0.073 + 
0.009 mM. per liter per minute. The dif- 
ferences in these 3 groups were not statis- 
tically significant. 
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Changes in platelet count were calculated 
by measuring the difference between the 
preoperative platelet count and the post- 
operative platelet count which was carried 
out immediately after the patient reached the 
postanesthesia recovery room. In Table IV 
it can be seen that the decrease in platelet 
count was significantly less in the dextran 
series than in the control series, and there 
was no significant difference between the 
albumin series and the control series. It may 
be noted, however, that the preoperative 
platelet counts were significantly less in the 
dextran series than in the control and the 
albumin series. In order to ascertain whether 
there may have been larger decreases in 


platelet counts in patients with higher pre- 


operative values, 2 additional assessments 
were also made. Patients with preoperative 
levels between 200,000 and 300,000 platelets 
per cubic millimeter were selected from each 
group. In Table IV it can be seen that the 
decrease in platelets in these selected patients 
also was significantly less in the dextran 
series than in the control series, and again 


Fig. 5. Higher magnification of Fig. 4, C. The 
area of occlusion of the venule is marked o. 
Arrows rest on walls of venule. Arrow on left 
points to an area where cellular aggregates are 
adhering momentarily to the venular wall and 
then tumbling along the periphery of the venule. 
Arrow on right points to an area of plasma skim- 
ming. 
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Table II. Lesion distribution 
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Lesion 


Control Dextran Albumin 
group group group 


Congenital 
Atrial septal defect 
Atrial septal defect, patent ductus arteriosus 
Atrial septal defect, pulmonary stenosis 


Atrial septal defect, anomalous pulmonary venous return 


Atrial septal defect, mitral stenosis 
Ventricular septal defect 

Ventricular septal defect, pulmonary stenosis 
Ventricular septal defect, atrial septal defect 


Ventricular septal defect, atrial septal defect, pulmonary stenosis 


Atrioventricular canal 


Atrioventricular canal, anomalous pulmonary venous return 


Pulmonary stenosis 

Tetralogy of Fallot 

Left ventricular—right atrial shunt 
Aortic valvular stenosis 


Acquired 
Left ventricular aneurysm 
Aortic valvular stenosis 
Aortic valvular insufficiency 
Mitral valvular stenosis 
Mitral valvular insufficiency 


Mitral valvular stenosis, mitral valvular insufficiency 


NOC ON lh 
NO COON OF WOR OO 


Aortic valvular stenosis, mitral valvular insufficiency, mitral valvular 


stenosis 


Totals 


Table III. Plasma hemoglobin increase during extracorporeal circulation 


Control Dextran Albumin 
group group group 
No. of patients 42 41 36 
Mean duration of extracorporeal circulation (min. ) 47.3 65.0 54.8 
Preoperative plasma hemoglobin (mg. % ) 25 28.4 26.9 
Increase in plasma hemoglobin 98.0 77.9 91.6 
._ Increase , 2.07 + 0.926 1.20 + 0.026 1.67 + 0.176 
Ratio (p<0.001) (p = 0.124) 


Values given as mean + the standard error of the mean. 


there was no significant difference between 
the albumin and control series. The ratios of 
decrease in platelet count to preoperative 
platelet count were also analyzed, and again 
there was significantly less decrease in the 
dextran series. 

The bleeding time, venous clotting time, 
prothrombin time, and fibrinogen levels were 


measured preoperatively and postoperatively 
in unselected patients (Table V). Bleeding 
time increased in all 3 groups of patients and 
vencus clotting time decreased. The mean 


prothrombin time was slightly elevated pre- 
operatively in the control and albumin series 
and moderately elevated in the dextran 
series. Large increases in the mean prothrom- 
bin time were observed in all 3 groups post- 
operatively. The upper limit for a normal 
prothrombin time in this laboratory was 
considered to be 14.5 seconds. Fibrinogen 
levels decreased in all 3 groups of patients, 
with a greater decrease in the dextran and 
albumin series. However, analysis of these 
studies and studies on a larger group of 
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patients showed that the decrease in plasma 
fibrinogen was proportional to the preopera- 
tive fibrinogen value, that is, patients with 
higher initial fibrinogen levels showed larger 
decreases after extracorporeal circulation and 
those with low fibrinogen levels showed 
smaller decreases, no change, or slight in- 
creases. The lowest postoperative fibrinogen 
level observed in this study was 0.13 Gm. 
per cent, so that no significant hypofibrino- 
genemia was encountered. 

The preoperative and postoperative hemo- 
globin levels were also tabulated (Table V). 
In the control series there was a mean de- 
crease in hemoglobin of 1.1 Gm. per cent. 
The mean decrease in hemoglobin was 1.3 
Gm. per cent in both the dextran and al- 
bumin series. 

Changes in plasma proteins (Table VI) 
followed a consistent pattern between the 3 
groups, although the changes varied widely 
from patient to patient. Serum albumin 
levels decreased in all 3 series with the largest 
decrease in the dextran series due probably 
to an additional dilution effect. There was 
also a decrease in alpha 1, alpha 2, beta, and 
gamma globulins, although the mean values 
were within the normal range for these 
serum proteins. The changes in alpha 1, 
alpha 2, and gamma globulins were least 
in the patients who received Rheomacrodex. 

Plasma electrolytes (Table VII) showed 
a consistent change in all 3 groups. Potas- 
sium levels decreased postoperatively, prob- 
ably because of the respiratory alkalosis 
reflected in the low arterial carbon dioxide 
tension seen early in all patients in the re- 
covery room. The carbon dioxide combining 
power and plasma chloride levels were de- 
creased, which reflected a metabolic acidosis. 

Serum dextran levels were measured in the 
blood from the oxygenator reservoir at the 
conclusion of extracorporeal circulation. At 
this time, the serum level of Rheomacrodex 
was found to range between 1,200 and 2,000 
mg. per cent. The minimal effective level of 
Rheomacrodex was estimated to be approxi- 
mately 1,400 to 1,600 mg. per cent. Ninety 
minutes after the conclusion of extracorporeal 
Circuiation the serum dextran level was 
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measured in a sample of arterial blood from 
the patient. At this time, the serum levels of 
Rheomacrodex ranged from 500 to 1,200 
mg. per cent. 


Fig. 6. Photograph of small vessels of the mesen- 
tery of the dog after 1% hours of extracorporeal 
circulation which shows an area of arteriolar 
thrombosis (at) and an area of temporary occlu- 
sion of a venule by a large aggregate of red blood 
cells (ov). 


Fig. 7. Venule in the mesentery of a dog after 
1 hour and 45 minutes of extracorporeal circula- 
tion. Arrow points to an occlusion of a venule by 
a translucent mass that probably represents an 
aggregate of platelets, an aggregate of white blood 
cells, or a chylomicron. The velocity of blood flow 
was very slow in the vessels in this area, and there 
were several large clumps of corpuscles. 
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Table IV. Comparison of platelet count 
change 


Control Dextran Albumin 
group group group 

All patients 
No. of 

patients 26 23 19 
Pre- 

operative 2571419.0 214+6.7 242 + 12.7 
Change -111217.2 -65183 -103113.6 


(p=0.018) (p> 0.65) 


Patients with preoperative level 200,000 to 300,000 
No. of 


patients 12 14 14 
Pre- 

operative 248 244 252 
Change -11829.8 -75211.2 -103+4 14.3 


(p=0.018) (p> 0.65) 


Platelet counts presented in thousands per cubic milli- 
meter and values given as mean and standard error of 
the mean. 


Chest drainage postoperatively. The chest 
drainage was calculated for each 12-hour 
period during the first 48 hours postopera- 
tively. The chest drainage during the first 
12 hours postoperatively more accurately re- 
flected the influence of plasma expanders on 
the coagulation mechanisms. After the first 
12 hours there was a rapid decline in the 
quantity and the hemoglobin level of the 
chest drainage. The mean values and the 
standard errors of the means for the .chest 
drainage in the initial 12 hours were as given 
in Table VIII. The small differences between 
the 3 groups were not statistically significant. 
The mean values for the late postoperative 
period were second 12-hour period, control 
7.7 ml. per kilogram, dextran 8.0 ml. per 
kilogram, and albumin 7.8 ml. per kilogram; 
third 12-hour period, control 3.4 ml. per 


kilogram, dextran 5.4 ml. per kilogram, and. 


albumin 4.8 ml. per kilogram; and fourth 
12-hour period, control 2.3 ml. per kilogram, 
dextran 2.7 ml. per kilogram, and albumin 
4.5 ml. per kilogram. 

Urine output. The quantity of urine out- 
put during the first 48 hours postoperatively 
was tabulated in Table IX. As can be seen 
in this table, the mean urine outputs varied 
little from group to group. Periods of 
oliguria in individual patients were correlated 
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with episodes of hypotension or hypovolemia. 
In at least 2 patients in the control series, 
anuria was correlated with severe intra- 
vascular aggregation. After the rapid admin- 
istration of Rheomacrodex, 1.5 Gm. per kilo- 
gram (15 per cent solution of Rheomacrodex 
in 5 per cent dextrose), the intravascular 
aggregation disappeared and the patients be- 
gan to excrete normal quantities of urine. 
In these 2 patients, vital signs also improved, 
the patients became alert, and clinical evi- 
dence of pulmonary edema disappeared. 


COMMENT 


Clowes,’ in his recent extensive review of 
extracorporeal circulation, concluded, “. . . it 
now appears that the single greatest factor 
in tissue damage during perfusion of the 
whole organism is no longer one of metabolic 
homeostasis, but rather, one of damage to 
blood elements which adversely affects the 
circulation and function of the various or- 
gans of the body.” The studies of Gelin** 
suggested to us this same concept. Gelin 
showed a causal relationship between the 
loss of blood corpuscles by the mechanism of 
intravascular aggregation and the production 
of microinfarcts in vital organs by occlusion 
of small blood vessels with the cellular aggre- 
gates. Our earlier experimental studies on 
dogs”? demonstrated that intravascular aggre- 
gation and microinfarctions of the kidney, 
liver, and myocardium occurred during pro- 
longed periods of extracorporeal circulation. 
In addition, the intravascular aggregation 
and the microinfarcts could be prevented or 
minimized by the administration of low 
molecular weight dextran. 

In this present clinical study a host of 
variables were encountered related to vary- 
ing types and stages of heart disease, age of 
the patients, magnitude of the surgical pro- 
cedure, and differing technical problems. By 
use of a blind control method of selection, an 
attempt was made to equalize these variables 
in the control series and the series of patients 
who received plasma expanders. Ordinarily. 
clinical observations do not possess the exact- 
ness of laboratory experiments. The use of 
Rheomacrodex in experimental extracor- 
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Table V 


Control group Dextran group Albumin group 


No. of Pre- Post- | No. of Pre- Post- | No. of Pre- Post- 
Determination patients| operative | operative | patients | operative | operative | patients | operative | operative 
Bleeding time (min.) 20 4.4 6.6 17 4.4 7.0 16 4.4 6.1 
Venous clotting time 
(min. ) 14 16.5 14.2 9 16.8 14.2 11 13.7 13.3 
Prothrombin time 
(sec., patients/ 
control) 20 14.8/13.2 17.6/13.2 16 = 15.7/13.1 17.5/13.4 17  14.8/13.0 17.5/13.3 
Fibrinogen (Gm. %) 10 0.28 0.25 8 0.33 0.23 10 0.29 0.20 


Hemoglobin (Gm. %) 43 14.6 13.5 41 14.4 13.1 38 14.0 12.7 


Table VI. Serum protein changes (Gm. %) 


No. of Globulin Total 


patients| Albumin | Alpha 1 | Alpha 2 | Beta Gamma Total proteins 
Control group 14 


Preoperative 3.6 0.32 0.72 0.96 1.20 3.20 6.83 
Postoperative 3.4 0.28 0.51 0.90 1.01 2.72 6.16 


Dextran group 


Preoperative 3.7 0.29 0.64 1.10 1.13 3.16 6.88 . 

Postoperative 3.2 0.29 0.51 0.90 1.01 2.71 5.89 
Albumin group 13 

Preoperative 3.5 0.33 0.76 1.13 1.24 3.47 7.02 

Postoperative 3.3 0.28 0.50 0.90 0.95 2.65 5.99 


Table VII. Plasma electrolytes 


CO: 
combining 
No. of Na K Cl power BUN 
patients (mEq./L.) (mEq./L.) (mEq./L.) (mM./L.) (mg. %) 
Control group 29 


Preoperative 141 4.6 105 23.3 13.2 
Postoperative 143 3.8 100.5 22.0 

Dextran group 29 
Preoperative 141 4.7 103 26 15.0 
Postoperative 142.2 3.8 100.4 22.2 

Albumin group 27 
Preoperative 141.2 4.4 104.3 25 13.8 


Postoperative 141.8 3.7 100.1 22 


poreal circulation had very significant advan- The administration of Rheomacrodex was 
tages. Proof of the same advantages for man accompanied by a reduction in the destruc- 
and lack of deleterious effects of Rheomacro- tion of red blood cells, as indicated by the 
dex in human usage could be achieved best significantly decreased plasma hemoglobin 
by creation of a valid system of blind control levels, and a decreased destruction of plate- 
administration of the drug such as outlined lets, as reflected in the higher postoperative 


in this study. platelet count. These changes were the im- 
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Table VIII. Chest drainage in first 12 hours 
postoperatively 


Chest 
No. of drainage* 
patients (ml./Kg.) 
Control group 45 33.2 = 29 
Dextran group 41 23:2 = 20 
Albumin group 38 24.6 + 4.0 


*Mean values with the standard error of the mean. 


Table TIX. Urine output 


First 24 hr. | Second 24 hr. 

(ml./Kg.) (ml./Kg.) 
Control group 22.6 24.0 
Dextran group 20.0 21.6 
Albumin group 24.6 19.1 


portant differences that could be documented 
statistically between the patients in the con- 
trol and albumin series and those in the 
dextran series. The importance of these 
highly significant differences lay not so much 
in the actual decrease in plasma hemoglobin 
and platelet destruction, but rather in their 
reflection of the decreased intravascular 
aggregation and intravascular destruction of 
corpuscles and thereby improvement in the 
quality of the microcirculation in vital 
organs. 

The phenomenon of intravascular aggre- 
gation was also found to occur in patients 
during extracorporeal circulation as de- 
termined by actual observation of the con- 
junctival circulation. Whereas intravascular 
aggregation was observed infrequently in dogs 
prior to actual bypass, moderate intravascular 
aggregation was observed in many patients 
after anesthesia and during thoracotomy but 
before the institution of extracorporeal circu- 
lation. In some patients, especially those with 
chronic congestive heart failure and serious 
disability, intravascular aggregation was 
present even when they were examined pre- 
operatively on the wards. The presence of 
intravascular aggregation in these patients 
also was reflected to some degree by the 
elevation of the preoperative erythrocyte 
sedimentation rates. When present before 
extracorporeal circulation, intravascular ag- 
gregation always became more severe during 
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the cardiopulmonary bypass. Intravascular 
aggregation severe enough to cause death was 
estimated to occur in at least 5 per cent of 
patients in the control series. In these pa- 
tients, the intravascular aggregation was 
reversed by the administration of Rheomac- 
rodex and the patients recovered from what 
was thought to have been a moribund condi- 
tion. 

The serum levels of Rheomacrodex fell 
rapidly by renal excretion during the first 
6 hours postoperatively so that there was no 
longer any protection against intravascular 
aggregation. This finding accounts in part for 
the persistence of a mild postoperative drop 
in hemoglobin concentration and the eleva- 
tion of the erythrocyte sedimentation rate 
during the third to fifth day postoperatively. 
For these reasons we recently have begun to 
use Rheomacrodex to replace part of the fluid 
requirements during the early postoperative 
course, particularly when the recovery period 
was complicated for any reason. It might be 
emphasized in this regard that the use of 
Rheomacrodex to replace part or all of the 
immediate postoperative fluid requirements 
is less likely to precipitate pulmonary edema 
in a patient with impaired myocardial re- 
serve than would the use of a similar quantity 
of normal saline or glucose in water. Be- 
cause of the size of the dextran molecules, 
the colloidal osmotic pressure of the blood 
is increased and thereby helps to counterbal- 
ance any increase in hydrostatic pressure in 
the pulmonary veins. 

The administration of Rheomacrodex or 
albumin did not alter the development of a 
mild to moderate metabolic acidosis in the 
patients studied. It also may be mentioned 
that in these clinical perfusions, when gen- 
erally physiologic flow rates were used, the 
priming blood in the oxygenator contributed 
a major share of the metabolic acidosis. 
These findings confirmed the observations 
made in canine perfusions*' in which the rate 
of increase in metabolic acidosis was iden- 
tical in dogs which received Rheomacrodex 
and in control animals. In these experimenta! 
studies, the rate of increase of metabolic 
acidosis was greatly accentuated by the ad- 
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ministration of norepinephrine or epineph- 
rine and decreased by the administration of 
hexamethonium chloride. This observation 
suggested that redistribution of blood flow 
due to sympathetic nervous system activity 
accounted for much of the metabolic acidosis 
seen with extracorporeal circulation. In his 
studies on intravascular aggregation during 
hypothermia, Lofstrom*® was able to demon- 
strate an oxygen deficit in the body by the 
administration of low molecular weight 
dextran at a critical point during the re- 
warming period. This study was interpreted 
as an indication that the oxygen deficit and 
probably also the metabolic acidosis of some 
tissues was not reflected adequately in the 
peripheral blood because of intravascular 
aggregation and poor tissue perfusion re- 
sulting in a delayed release of the acid 
metabolites from these areas. 

The dilution of the oxygen capacity of 
the blood due to addition of plasma ex- 
panders was detectable but minimal. Dilution 
of the corpuscular elements during moderate 
hypothermia may actually be highly advan- 
tageous in that the velocity of blood flow 
through small vessels is increased by the de- 
creased viscosity. 

Decreases in serum protein levels were 
measured consistently. With the exception of 
serum albumin, the changes in serum protein 
levels were no greater in the dextran series 
in spite of a 10 to 15 per cent additional 
dilution factor. Whether or not the Rheomac- 
rodex has an effect in stabilization of the 
solution of serum proteins in addition to the 
stabilization of suspension of corpuscles is a 
problem now under study. Changes in plasma 
electrolyte levels were consistent in all 3 
series and followed well-established patterns. 

Of particular concern to us was the effect 
of the plasma expanders on the bleeding and 
coagulation mechanisms and the quantity of 
postoperative bleeding. High molecular 
weight dextran and even Macrodex (average 
molecular weight 80,000), when given in 
large quantities, will produce serious prob- 
lems with bleeding.* 25 2° Gelin'* en- 
countered no problems with bleeding when 
low molecular weight dextran was used. In 
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an instructive single experiment, Bromwell 
and associates* were able to demonstrate that 
a patient who bled after administration of 
commercial dextran did not bleed when given 
a low molecular weight dextran. The same 
patient subsequently bled excessively when 
commercial dextran was infused at a third 
skin grafting operation. Swank** also re- 
ported that changes in platelet count, 
fibrinogen levels, and prothrombin time were 
associated with the high molecular weight 
dextrans only. In experiments on dogs, we 
produced prolongation of bleeding times with 
high molecular weight dextran. Administra- 
tion of low molecular weight dextran resulted 
in no change in the bleeding time and a slight 
decrease in venous clotting time. Neverthe- 
less, there remained considerable doubt in 
the minds of many investigators in this 
country and in Sweden concerning the safety 
of low molecular weight dextran. This doubt 
was the principal reason for the reluctance to 
accept this drug and probably accounted for 
the indifference and relative obscurity rele- 
gated to the brilliant work of Gelin,’* Lof- 
strom,’® and Thorsen and 
Hint.?? 

Abnormalities in bleeding and clotting 
after extracorporeal circulation have been 
reported by several investigators.*®» ** °° 
Therefore, the administration of Rheomacro- 
dex in this situation was a critical test. The 
experimental studies conducted in our labo- 
ratory convinced us that this drug was not 
only safe but also produced many highly 
advantageous effects. The analyses we have 
reported confirm the experimental observa- 
tions that the Rheomacrodex did not cause 
any detectable increase in operative or post- 
operative bleeding in patients who under- 
went extracorporeal circulation. 

These findings concerning the effects of 
Rheomacrodex on blood coagulation reflect 
a need for a re-evaluation and expansion of 
generally accepted concepts. On the one 
hand, the Rheomacrodex prevented intra- 
vascular clotting by preventing the develop- 
ment of adhesive properties on the surfaces 
of the corpuscles. The cells then did not 
adhere to each other or to the walls of the 
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blood vessels. The administration of heparin 
in dosages of up to 5 mg. per kilogram did 
not alter this form of intravascular throm- 
bosis significantly. This stage of intravascular 
clotting was found to be important in large 
blood vessels also, as demonstrated by the 
use of Rheomacrodex in preventing large- 
vein thrombosis* and thrombosis after 
endarterectomy.’* On the other hand, Rheo- 
macrodex did not interfere with clotting 
mechanisms involved in coagulation of blood 
at the ends of severed blood vessels or in 
extravascular clotting. 

The effect of Rheomacrodex on renal 
blood flow and urine output was studied’* ** 
and is being studied in this laboratory. No 
differences in mean urine output were found 
in this clinical study. However, in individual 
patients, when urine output was low, infusion 
of Rheomacrodex in adequate quantities 
brought about a return to normal urine 
output. In patients with renal shutdown of 
several days’ duration, there was no signif- 
icant change with, Rheomacrodex except 
when it was given during the diuretic phase. 
The experimental studies indicated that 
Rheomacrodex influenced the rate and dis- 
tribution of renal blood flow. Since the 
largest molecule of this dextran preparation 
was capable of crossing the glomerular mem- 
brane,”® the Rheomacrodex also acted as an 
osmotic diuretic. As is well known, an os- 
motic diuresis exerts a significant protective 
influence against nephrotoxic agents. Urine 
and serum concentrations of Rheomacrodex 
have been measured at a ratio of 6 to 1, re- 
spectively, in patients after open-heart opera- 
tions. This rapid excretion of dextran ele- 
vates urinary specific gravity to 1045 and 
above. 

Allergic reactions were reported with some 
of the earlier dextran preparations.*® No 
evidence of allergic reactions with the 
presently available Rheomacrodex were ob- 
served by us after administration of large 
quantities to over 200 dogs and approxi- 
mately 200 human patients since September, 
1958. 

The absence of any significant advantages 
attributable to normal human serum albumin 
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was difficult to explain. There appeared to 


_be a qualitative improvement in blood flow 


in the small vessels in patients in the albumin 
series. However, in animal experiments, the 
quantity of albumin necessary to prevent 
intravascular aggregation was generally in 
the range of 2.5 to 3.0 Gm. per kilogram of 
body weight, compared to 1.0 to 1.5 Gm. 
per kilogram of body weight for Rheomacro- 
dex. As noted, the dosage of albumin used 
in this clinical study was 1.0 Gm. per kilo- 
gram. At this dose level, the effects of 
albumin appeared to be only those of dilu- 
tion with no significant decrease in cor- 
puscular destruction due to prevention of 
intravascular aggregation. 


CONCLUSIONS 


1. The use of low molecular weight dex- 
tran (Rheomacrodex) during extracorporeal 
circulation in patients resulted in a statis- 
tically significant decrease in the destruction 
of red blood cells and platelets. 

2. This lessened reduction of platelets and 
decreased destruction of erythrocytes was 
interpreted as being indicative of a better 
microcirculation during extracorporeal cir- 
culation. 

3. Rheomacrodex prevented or minimized 
intravascular aggregation and _ thrombosis 
during extracorporeal circulation as judged 
by direct observation of the conjunctival 
vasculature. 

4. Serum albumin did not produce any 
significantly beneficial effects in the dosage 
studied. 

5. Compared to a control series of patients, 
patients given Rheomacrodex and normal 
human serum albumin demonstrated no del- 
eterious effects upon the coagulation mecha- 
nism. The use of Rheomacrodex and normal 
human serum albumin in large quantities did 
not produce any increase in postoperative 
bleeding. 


The microphotographs were made by Maurice 
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Luckwaldt, and Miss Alice Beiersdorf for assist- 
ance in preparation and tabulation of this material 
and also to Miss Ann McHale for her technical 
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ADDENDUM 


Low molecular weight dextran is now utilized 
routinely as a plasma expander for patients under- 
going open-heart operations in this clinic. For all 
but a few of the most complex procedures, this 
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has made it possible to eliminate completely the 
need for drawing heparinized blood for open-heart 
operations. Ordinary citrated bank blood is utilized 
entirely to replace losses. 

The helix reservoir bubble oxygenator is primed 
only with dextran (10 per cent in 0.9 per cent 
saline or 15 per cent in 5 per cent dextrose) in a 
quantity equal to one-third of the estimated total 
fluid requirements for 24 hours. In practice this 
priming volume in cubic centimeters may be ap- 
proximated by multiplying the body weight (kilo- 
grams) by 16. At the conclusion of the bypass, 
the oxygenator contents are returned to the pa- 
tient. Moderate total body hypothermia (25 to 
30° C. rectal) with the Zuhdi helical coil heat ex- 
changer (Arch. Surg. 82: 320, 1961) permits very 
adequate oxygenation at flow rates of 20 to 30 ml. 
per kilogram of body weight. This in turn permits a 
very simple low volume extracorporeal circuit. 
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In addition to the specific effects of low molecu- 
lar weight dextran in improving tissue perfusion, 
such a technique has been found to yield in- 
creased patient safety with wider application of 
heart-lung bypass procedures. 

Specifically, much less blood iis utilized for these 
operations, which means improved acid-base bal- 
ance and better blood coagulation since the 
patient is not filled with large quantities of acid 
foreign blood. Likewise, a decreased risk from in- 
compatibility reactions and serum hepatitis is 
evident. Finally, the greatly lessened load on the 
blood bank for donor procurement means open- 
heart procedures can be scheduled with the same 
ease and frequency as other thoracotomy pro- 
cedures. 


(For discussion, see page 47.) 
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or the past several years, there has 
been apparent general satisfaction with the 
safety and utility of pump-oxygenators cur- 
rently in clinical use. Several factors are 
now recognized, however, which promote 
distrust of these oxygenators, (1) an inher- 
ent, unexplained mortality rate of several 
per cent associated with cardiopulmonary 
bypass operations, which increases with pro- 
longed pump-oxygenator perfusion, (2) 
“sludging” of blood during bypass,** (3) 
a 100 per cent incidence of cerebral fat 
embolism in clinical cases,** and (4) neuro- 
logical complications after cardiac opera- 
tions with pump-oxygenator perfusion which 
vary in incidence from 6 to 20 per cent.’» ** 
This report provides evidence which re- 
lates these phenomena to interface denatura- 
tion of plasma proteins by intermolecular 
energies known to exist at the surface film 
interface between blood and gas in the 3 
oxygenators studied (disc, bubble, and 
screen). The investigation is divided into 
2 phases to facilitate presentation; Part I, 
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cause of morbidity and 
death after intracardiac 


operations 


biochemical and biophysical evaluation of 
interface denaturation of plasma proteins by 
the pump-oxygenators; and Part II,’ bio- 
logic effects of the oxygenator-denatured 
proteins. 

For more than 20 years, the denaturation 
of protein molecules by contact with an 
interface between a gas phase (such as air) 
and a water phase (such as blood) has 
been recognized.* *° A review of the volu- 
minous literature which has accumulated 
regarding this subject in the journals of 
protein chemistry is far beyond the scope 
of this report. For convenience, however, 
the salient points which seem to be generally 
accepted by leading investigators in this 
field will be briefly reviewed. The details 
can be found in the articles of Anson,’ 
Cheesman and Davies,? Kauzmann,'’ Put- 
nam,”? and Waugh.** 

Fig. 1 illustrates schematically a simplified 
version of the theory which explains surface 
film denaturation of protein molecules. A 
globular protein molecule moves into the 
interface between gas and liquid. Strong 
surface forces (electrostatic), operating over 
a depth of from 10 to 40 A, exert a polar- 
izing effect which results in the orientation 
of a monomolecular layer in the interface. 
Because of the molecular configuration of 
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AS HEMOGLOBIN, 
ALBUMIN OR 6 GLOB- 
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B LIPOPROTEIN) AND 
OTHER GLOBULINS. 


SIDE VIEW 


UNFOLDED DENATURED FORM 

MAY AGGREGATE, FLOCCULATE, 
OR PRODUCE REACTIVE DISULFIDE, 
DEPENDING ON PHYSICO-CHEMICAL 
ENVIRONMENT. POSSIBLY FORMS 
MACROMOLECULES OF BIZARRE 
SHAPE, MOLECULAR FRICTION 
GREATER, WHICH PRODUCES 
INCREASED VISCOSITY. 


SURFACE FILM: INTERRUPTS S=S BONDS OR SH BONDS WHICH FIX SPATIAL TERTIARY CONFIGURATION 
OF MOLECULE, AND HYDROGEN BONDS WHICH ALSO FUNCTION AS INTRAMOLECULAR 
BRIDGING LINKS TO HOLD MOLECULAR CONFIGURATION. 


Fig. 1. Schema of protein denaturation at gas-liquid interface. 


the protein molecule (polar groups, largely 
external; nonpolar groups, internal), re- 
sponse to the stress of the surface polarizing 
forces results in disruption of intramolecular 
sulfhydryl and/or hydrogen bonds which 
stabilize secondary and tertiary structure of 
the protein molecule. The net result is an 
unfolding of the globular molecule into a 
linear or randomly coiled chainlike molecule 
which allows orientation of its constituent 
polar groups in the interface. If the protein 
molecule transports lipids, these may be 
released in a “free” state. The physical and 


chemical results of this alteration in molecu- 


lar configuration are multiple and complex, 
and vary according to pH, temperature, salt 
concentration of the solution, and the speci- 
fic protein involved. In general, however, 
4 physicochemical changes may occur (and 
may be measured as an index of denatura- 
tion): (1) Unfolding of the molecule may 
expose so-called “masked” chemical groups 
from within the molecule and increase the 
chemical reactivity of the molecular con- 
stituents (especially sulfhydryl and disulfide 
groups) .°* (2) The unfolded, linear, or 
randomly coiled molecule is much more 
asymmetrical in shape, and thus creates 


many changes in the physical properties‘ 
(such as an increase in viscosity due to an 
increase in intermolecular friction).’ (3) 
The changes in symmetry, chemical reactiv- 
ity, and steric configuration may result in 
aggregation to form macromolecules which 
may (a) flocculate, precipitate, or develop a 
gelation potential,’* °° (b) have altered solu- 
bility characteristics in salt solutions,?® (c) 
have altered mobility in an electrophoretic 
field, 1° or (d) have an increased affinity 
for nonaqueous phases due to the exposed 
nonpolar (hydrophobic) groups.? This can 
result in adsorption onto surfaces which have 
lipid components, such as erythrocytes or 
chylomicrons. (4) The unfolded molecule, 
if concerned with lipid transport (as are 
alpha or beta globulins and some albumin 
subfractions), may lose its associated lipid 
component to the plasma as “free” lipid. 


METHODS 


The methods used to evaluate the physico- 
chemical aspects of oxygenator denaturation 
of plasma proteins in this study were se- 
lected on the basis of the considerations 


described. 
Part I. Biochemical and biophysical evalu- 
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ation. In order to study the degree and 
nature of alteration of plasma proteins 
caused by the oxygenators, plasma of freshly 
drawn anticoagulated blood (dog and hu- 
man) was separated from the cells by cen- 
trifugation at 1,200 r.p.m. for 1 hour, then 
oxygenated in a disc, bubble, or screen 
oxygenator (standard clinical models) for 
from 3 to 20 hours. Control aliquots and 
oxygenated aliquots from each batch were 
subjected to identical analyses. 

Viscosimetry. A standard Ostwald visco- 
simeter was used to determine specific vis- 
cosity of the plasma. Plasma concentration 
(2 to 8 per cent) was plotted against vis- 
cosity in 34 experiments. Each viscosity 
determination was made in triplicate. 

Solubility analysis. Control and oxygenated 
samples were centrifuged (2,000 r.p.m. for 
20 minutes), and relative amounts of pre- 
cipitate estimated. Any “cream” which 
floated to the top was noted and examined 
microscopically. The precipitate was quali- 
tatively identified by the ninhydrin and 
xanthoproteic tests. The sampies were then 
subjected to differential salt fractionation 
(NH,SO,) to estimate changes in “salting 
out” potential after oxygenation. 

Sulfhydryl and disulfide estimation. Reac- 
tivity of constituent sulfhydryl and disulfide 
groups of control and oxygenated plasma 
was estimated by the nitroprusside test.’® 

Electrophoresis. Standard paper electro- 
phoresis was carried out on control and 
oxygenated plasma for protein-fraction esti- 
mation and for evidence of change in elec- 
tromobility of the fractions. 

Turbidity analysis. Estimation of turbidity 
in control and oxygenated specimens (after 
centrifugation at 2,000 r.p.m. for 20 min- 
utes) was carried out by reading per cent 
transmission in a Beckman spectrophotom- 
eter, model B, at 500 and 700 my. The 
samples were then cleared by ether extrac- 
tion before and after staining with sudan 
IV and estimations of turbidity repeated 
with notation of the distribution of sudan 
through the plasma and ether phases after 
repeat centrifugation. The nature of the 
particles which caused turbidity was also 
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studied microscopically by means of fat 
stains (oil red O and sudan IV). 

Ultracentrifugation. Samples of control 
and oxygenated (only bubble and disc oxy- 
genators used) plasma were subjected to 
ultracentrifugation at 30,000 r.p.m. for 30 
minutes. Plasma samples from different 
levels were studied microscopically and by 
chemical lipid fractionation for the presence 
and character of chylomicrons (morpho- 
logic) and lipids, oil red O uptake method. 

In addition, aliquots of the low-level 
(high-density) control plasma were oxy- 
genated, then recentrifuged and examined 
by turbidometry, ether extraction, and fat 
staining for alterations in the status and dis- 
tribution of lipids. 

Part II. Biologic evaluation. Three gen- 
eral types of experiments were carried out. 

First experiment. Plasma obtained by cen- 
trifugation of freshly drawn blood as de- 
scribed in Part I (with aseptic precautions 
observed throughout the procedure) was 
oxygenated for 3, 12, or 20 hours, then 
reinfused into 20 healthy dogs via a femoral 
venous cannula (dosage range 10 to 15 ml. 
per kilogram of body weight). Saline cross- 
matches were performed on control plasma 
and oxygenated plasma to assure blood type 
compatibility between donor and recipient 
animals prior to oxygenation of plasma. 

Second experiment. Compatible whole 
blood was oxygenated in a disc oxygenator 
for from 2 to 20 hours in 5 experiments, 
then reinfused into the animals via a femoral 
vein-femoral artery bypass perfusion. 

Third experiment. Standard cardiopulmo- 
nary bypass was carried out on 5 animals 
for 3 hours with the disc oxygenator at a 
flow rate of 100 ml. per kilogram per min- 
ute. 

In all 3 types of experiments, 5 physiologic 
parameters were studied before, during, and 
after the infusions; (1) in vitro microscopic 
hemagglutination of erythrocytes, with a 
standard saline cross-match procedure (cells 
diluted 1 to 5 with 0.85 per cent sodium 
chloride); (2) sedimentation rate; (3) in 
vivo observation (continuous) of microcir- 
culation in the conjunctiva or mesentery, or 
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Table I. Criteria for recording alterations 
in suspension stability 


Factor A. Erythrocyte aggregates 


+ visible in vessels 20 u or less 

++ visible in vessels 50 u or less 

+++ plugging vessels 10-15 u 

++++ plugging vessels 50 » or more 


Factor B. “White” aggregates 


+ visible at all 

++ more than 2 per field or 1 per min. (flow) 
+++ more than 5 per field or 1 per 15 sec. 
++++ more than 2 flowing in vessel 


Factor C. Erythrocyte transudation 


+ microscopic single red blood cell leaks 

++ rapid leaking of single cells to result in 
diffuse perivascular hemorrhage 

+++ microscopic “flame” hemorrhage 

++++ gross “flame” hemorrhage 


Factor D. Stasis (indicate approximate size of 
vessels and whether venous or arterial) 


+ detectable decreased velocity of flow in any 
vessel 
++ decreased flow, with occasional temporary 
cessation of movement in vessel 
_ +++ effective flow ceased; intermittent, slug- 
gish, “locomotive” chugging flow occa- 
sional 
++++ no movement of aggregates, possibly with 
settling of cells and spillage down 
gravitation slopes 


Factor E. Thrombosis (dark color, solid cast, fre- 
quently highly refringent) 
+ capillaries 
++ vessels to 20 u (per cent of each) 
+++ vessels to 50 u 
++++ larger vessels 


both, with an apparatus and a technique 
previously described'* (criteria for re- 
cording alterations in suspension stability are 
tabulated in Table I); (4) blood pressure, 
as measured with a Statham pressure trans- 
ducer from a femoral artery cannula and 
recorded on a Sanborn oscillograph; and 
(5) assessment of general biologic de- 
terioration, that is, loss of spontaneous res- 
piration, signs of decerebration, survival, 
and reaction from anesthesia. 


RESULTS 


Part I. Biochemical and biophysical evalu- 
ation. 

Viscosity. In 33 of the 34 analyses, oxy- 
genated plasma displayed an increase in 
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viscosity characteristic of protein denatura- 
tion (Fig. 2). In the other analysis, the con- 
trol plasma demonstrated the typical vis- 
cosity curve of denaturation, as did the 
oxygenated plasma. This was attributed to 
inadequate rinsing of detergent-cleaned 
glassware in the early phase of the investiga- 
tion. There was no correlation between the 
increment of viscosity and length of oxy- 
genation from 3 to 20 hours. 

Solubility. Immediately after the plasma 
oxygenation there was always a_ small 
amount of precipitate which reacted posi- 
tively to ninhydrin and xanthoproteic tests 
and indicated denatured protein (Fig. 3). 
In addition, much larger amounts of soluble 
denatured proteins were present in the oxy- 
genated plasma as demonstrated by salt 
fractionation of crude globulin and albumin 
groups (Fig. 4) in the control and oxy- 
genated plasmas. 

Sulfhydryl and disulfide estimation. Table 
II summarizes the results of these analyses. 
The nitroprusside color reaction was tran- 
sient and the evaluation of the test subjec- 
tive. Therefore the estimation was crude. 
The test was ultimately abandoned, although 
the data indicated a slight increase in sulf- 
hydryl reactivity after oxygenation. Plasma 
proteins, such as serum albumin, contain 
relatively few (17) sulfhydryl groups per 
mole compared to other proteins, such as 
egg albumin, which have been used in most 
of the basic work covering intramolecular 
sulfhydryl linkages. Amperometric titration 
methods, such as that of Benesch and asso- 
ciates,> should give more sensitive results 
concerning sulfhydryl reactivity. 

Electrophoresis. Paper-strip electrophoresis 
was performed on control plasma and plasma 
oxygenated for 10 and 20 hours. In general, 
all demonstrated some change in electromo- 


Table II. Disulfide/sulfhydryl tests 
(nitroprusside, 0 to +44++): summary of 

10 experiments with disc, screen, and bubble 
oxygenators 


Control 0-trace 
10-hr. oxygenation trace — + 
20-hr. oxygenation trace — ++ 
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Fig. 2. Viscosity change in plasma after oxygena- 
tion. The curve is characteristically deviated 
upward, with most marked increments in the 
higher concentrations. 


bility as manifested by (1) condensation of 
component in the beta-gamma region to form 
a dense abnormal band or (2) a decrease 
in albumin peak by about 10 per cent with 
a corresponding rise in alpha, globulin, beta 
globulin, and gamma globulin totaling ap- 
proximately 10 per cent (Fig. 5). These 
changes progressively increased with oxy- 
genation of 10 to 20 hours in the same 
plasma batches. 

Turbidity. Oxygenated plasma always de- 
veloped a marked turbidity (Fig. 6). The 
bubble oxygenator produced the most 
marked turbidity (reduction of light trans- 
mission to about 10 per cent of the control 
after 1 hour oxygenation). The disc and 
screen oxygenators produced approximately 
80 per cent transmission in 1 hour, and 40 
per cent (of control) in 12 hours. 

The turbidity was found to be largely 
(70 to 90 per cent) due to alterations in 
the lipid phase of the plasma, since extrac- 
tion of the turbid plasma with ether re- 
stored light transmission to 80 to 90 per 
cent of the control and selectively removed 
sudan IV dye from the plasma phase to the 
ether phase. 

Microscopic examination of the turbid 
plasmas showed the presence of abnormally 
high concentrations (100 to 1,000 times con- 
trol) of particles morphologically resembling 
chylomicron aggregates (Fig. 7) or free lipid 
globules varying in size from 4 to 30 p. The 
globules took up oil red O stain. 

Ultracentrifugation. After ultracentrifuga- 
tion, a white disc of creamy material formed 
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on the top of the oxygenated plasma but not 
on the control plasma. Microscopically this 
material was composed of lipid globules and 
chylomicron aggregates. Results of chemical 
analysis of material taken from the top few 
lambda of frozen ultracentrifuged human 
plasma are given in Table III. Other similar 
analyses of dog plasma consistently showed 
higher lipid content in the top level of the 
oxygenated aliquot after 1 hour of oxygena- 
tion, with the increase predominantly in the 
sterol ester and unesterified sterol groups. 
Frequently, the creamy material separated 
in plasma which had been oxygenated for 
from 12 to 20 hours after standard centrifu- 
gation at 2,000 r.p.m. for 20 minutes. 
When low-level, high density fractions of 


Fig. 3. Note precipitate at bottom of the turbid 
plasma which had been oxygenated for 1 hour. 


100 OXYGENATED 20 HRS. 
VOL.% NONOXY. 
PPT. (CONTROL) 
20% 
6% 
MIXED ALBUMIN GLOBULIN 


Fig. 4. “Salting out” of soluble denatured pro- 
tein (plasma). 
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Fig. 5. Ten-hour oxygenation of plasma produces 
9 per cent decrease in albumin peak and 8 per 
cent increase in globulin peak. 


ultracentrifuged fresh plasma were oxy- 
'genated and then examined for turbidity 
and lipid globules, the results demonstrated 
that oxygenator-denaturation elaborated free 
lipid from the alpha globulin and/or albu- 
min fraction, as well as from the beta globu- 
lin fraction of plasma proteins. 

Part II. Biologic evaluation. 

First experiment. When compatible, non- 
oxygenated control plasma was infused into 
the dogs (5 control experiments), there were 
no significant alterations in the parameters 
studied. Infusion (10 to 15 ml. per kilogram 
of body weight) of plasma which had been 
oxygenated for from 2 to 6 hours consist- 
ently produced transient moderate intravas- 
cular agglutination of erythrocytes, which 
was well tolerated by the animals (no ar- 
teriolar occlusion, no change in arterial 
blood pressure, and no signs of general 
deterioration). However, infusion of plasma 
which had been oxygenated for from 10 to 
20 hours produced marked biologic changes 
which are summarized in Table IV. The 
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sludging in this group included progressive 
occlusion of arteriolar and capillary chan- 
nels. 

Second experiment. Oxygenation of fresh, 
compatible whole blood in a disc oxygenator 
for 2, 5, 10, 12, and 20 hours, with subse- 
quent reinfusion into dogs by means of a 
femoral vein-femoral artery bypass perfusion 
(with oxygenator) resulted in marked oc- 
clusive sludging and death within 30 min- 
utes to 4 hours. No attempt was made to 
provide supportive measures to these dogs 
to achieve survival. Death was preceded by 
hypotension and respiratory failure. 

Third experiment. Five dogs subjected to 
standard cardiopulmonary bypass on the 
disc oxygenator at 100 ml. per kilogram per 
minute for 3 hours demonstrated progressive 
sludging (arteriolar, capillary, and venular) 
after 20 minutes and microcirculatory occlu- 
sion after 1 hour, with an initial rise in 
blood pressure (10 to 30 per cent). One 
to 6 hours after the procedure, however, 
these animals developed hypotension and 
failed to recover from anesthesia. 

In all of these groups, there was no cor- 
relation between sedimentation rate and 
hemagglutination (in vivo or in vitro). The 
corrected sedimentation rates were almost 
always reduced after oxygenated blood or 
plasma was introduced into the dogs. 

In 15 of the experiments (and in 2 cases 
in which fresh heparanized human _ blood 
and plasma were used), saline cross-matches 
between donor plasma and recipient cells 
were compared on control and oxygenated 
plasmas. Nine showed marked hemagglu- 
tination with oxygenated plasma, but not 
with control plasma (Figs. 8 and 9); 3 
showed slight hemagglutination after the 


Table III 
Control | Oxygenated 
plasma plasma 
Total lipids (mg./ml.) 71.3 103.3 
Triglyceride (%) - 59.8 61.6 
Phospholipid (%) 22.6 18.3 
Sterol ester (%) 14.4 13.7 


Unesterified sterols 
(%) 3.0 6.3 
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Table IV. Reinfusion experiments with 
plasma oxygenated 20 hours (10-15 ml./Kg. 
body weight, 24 dogs) 


Delayed anesthetic recovery 90 
Signs of decerebration 40 
Prolonged hypotension 
Death 16 


Sludging occurred in 100 per cent but was minimal in 


the 10 per cent which escaped all of the above syn- 
dromes. 


plasma was oxygenated; 5 were inconclusive 
or negative on saline, but positive on direct 
undiluted matching. The matching was 
carried out after incubation at 37° C. to 
avoid cold hemagglutination.*° The saline 
dilution factor of 1 to 5 was used to exclude 
simple rouleaux formation.*° 

Erythrocytes from the blood of 6 dogs 
were examined by electron microscopy be- 
fore and after infusion of oxygenator-de- 
natured compatible plasma, or before and 
after a 3-hour pump-oxygenator perfusion. 
This pilot study demonstrated a definite 
gelatinous coating which encapsulated 
clumps of cells in the blood after perfusion 
or infusion (Fig. 10). This coating was dis- 


- tinct when blood was diluted in nonsaline 


isotonic fluid (such as glucose), and was 
reduced to an indistinct haze in saline dilu- 
ents, again suggesting a globulin-like colloid 
as the adsorbed material. 

Random sections of liver, kidney, heart, 
lungs, and spleen from dogs infused with 
plasma oxygenated for 20 hours, when 
stained by the oil red O technique, demon- 
strated free lipid diffusely scattered in all 
these tissues, especially in the perivascular 
spaces in liver, lung, heart, and spleen, and 
heavily throughout the renal tubules. 


COMMENT 


From the theoretical considerations sifted 
from the literature of protein chemistry and 
the results obtained in Part I of this report, 
the hypothesis that plasma proteins are sig- 
nificantly denatured by clinical pump-oxy- 
genators now in use is confirmed. It is further 
apparent from the results in Part II of this 
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report that significant alterations of physio- 
logic parameters (especially of the circula- 
tory system) may result from introduction 
of oxygenator-denatured proteins into an 
organism. Whether or not the organism can 
tolerate this insult and survive depends upon 
a variety of factors, many of which remain 
undefined at the present. However, in order 


. to attempt to devise means of preventing 


or reversing the pathologic effects of oxy- 
genator-denaturation of plasma proteins (or 
of preventing denaturation per se), it is 
worthwhile to hypothesize the events or 
mechanisms by which denaturation produces 
physiologic aberrations. 

There seem to be 2 basic factors which 
result from the protein denaturation and 
which can give rise to diffuse obstruction 


Fig. 6. The marked turbidity of the tube con- 
taining oxygenated plasma was produced by 1 
hour in a bubble oxygenator. The control tube 
contains an aliquot of the same plasma prior to 
oxygenation. 
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Fig. 7. A, Chylomicrons before oxygenation. B, Chylomicron aggregates after 1-hour oxy- 


genation. (Dark field; x970.) 


Fig. 8. Control plasma on saline cross-match. No 
hemagglutination. 


of the microcirculation, (1) the release of 
free lipids, which can (but do not always) 
produce fat emboli, and (2) a rigid intra- 
vascular hemagglutination (sludging) which 
(to a variable extent) results in plugging 
of arterioles, capillaries, and venules. Other 
sequellae of sludging have been discussed in 
detail elsewhere * * 7° 7° but remain contro- 
versial as causes of death and will not be 
considered here. 

There are at least 2 possible sources of 
the “released” lipids, (1) deconjugation of 
the lipid and protein complexes of lipopro- 
teins by interface denaturation, and (2) 
progressive denaturation, aggregation, and 
deterioration of the protein capsules of 
chylomicrons, resulting in eventual “release” 
of the lipid nucleus which then coalesces 


Fig. 9. Hemagglutination after oxygenation of 
plasma on saline cross-match. 


with other denuded chylomicrons to form 
larger globules capable of plugging small 
vessels. 

The hemagglutination phenomena are 
probably more complex. The studies of 
Fahraeus’*® and Thorse.*® indicate that 
highly asymmetrical, high molecular weight 
colloids cause a decreased suspension sta- 
bility of erythrocytes and sludging. The 
degree of hemagglutination increases with 
the concentration and molecular weight of 
the colloids. Thorsen also maintains that 


the phenomenon is a result of adsorption of 
the colloid onto the erythrocytes and subse- 
quent molecular aggregation of these coat- 
ings. Ditzel’® has demonstrated that abnor- 
mal globulin adsorption onto erythrocytes 
(in diabetic sludging) is associated with 


A 
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more severe degrees of sludging. Bloch® has 
reported evidence which strongly suggests 
that there is a coating on sludged blood 
cells. These data, coupled with those de- 
scribed in this report, lead us to believe 
that unfolded denatured globulin molecules 
are adsorbed onto erythrocyte membranes, 
and there they aggregate with other coated 
cells to produce hemagglutination. The 
rigidity of the sludged blood cell masses 
(which determines the degree of plugging) 
probably depends upon the gelation potential 
of the denatured globulins, and this may 
vary with several factors,’* such as salt 
concentrations, pH, temperature, duration 
of the state of gel, and the introduction of 
other low molecular weight colloids which 
can reduce average colloid molecular weight 
(such as low molecular weight dextran*®) 
or reduce molecular asymmetry. 

The membrane oxygenator was not in- 
cluded in this evaluation because a clinical 
model was not available at our institution. 
One of the obvious approaches to the solu- 
tion of clinical problems caused by plasma 
protein denaturation in an oxygenator is 
to interpose a membrane between the blood- 
gas phases of an oxygenator and thus pre- 
vent interface denaturation. However, should 


e 
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the membrane be made of a hydrophobic 
(nonwettable) material with low dielectric 
constant, such as polyethylene, Teflon, or 
nylon, surface-polarizing forces at the plastic- 
blood interface should theoretically denature 
proteins (perhaps to a lesser degree) just 
as in the case of gas-water or oil-water 
interfaces. 

The ideal membranes should be hydro- 
philic and of high dielectric constant, in 
addition to possessing the other known de- 
sirable attributes of membranes for oxy- 
genators. Thus, oxygen exchange would 
occur between a gas phase (outside) and 
an aqueous filtrate phase within the hy- 
drated membrane. Any denatured proteins 
would be trapped in the membrane and 
their escape into the circulating blood pre- 
vented. Certain nitrocellulose compounds 
may fulfill the desired specifications, but the 
engineering and design problems encoun- 
tered in the practical assembly of such’ an 
oxygenator have yet to be mastered. 

There were no qualitative differences in 
the denaturation of proteins by the 3 oxy- 


genators studied in this report (disc, bubble,’ 


and screen), and no statistically significant 
quantitative differences, except as noted in 
the results. 


Fig. 10. A, Electron micrograph of erythrocytes, dog blood diluted in isotonic glucose (1 to 
10), before perfusion. B, Electron micrograph of same experiment at same dilution, but after 
perfusion. Note the coating which encapsulates the clumped erythrocytes. 
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SUMMARY AND CONCLUSIONS 


Plasma proteins are denatured by contact 
with surface-polarizing forces at the blood- 
gas interface in currently used disc, bubble, 
and screen oxygenators. 

The introduction of blood containing such 
denatured proteins into an organism can 
produce morbidity or death by 2 mecha- 
nisms, fat emboli and rigid blood “sludge” 
which occludes microcirculation. 

This study thus demonstrates a cause for 
morbidity and death associated with pump- 
oxygenator perfusions in cardiac operations, 
emphasizes the remarkable tolerance of the 
body for insults to its physiologic mecha- 
nisms, and calls for the development of en- 
tirely new principles of design or maneuver 
in the use of pump-oxygenators for pro- 
longed extracorporeal circulation. 
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profound hypothermia 


his study was designed as an investiga- 
tion of the effects of 2 hours of total 
circulatory arrest, at a temperature of 4° C. 
(rectal), upon morbidity, mortality rate, 
blood oxygen changes, serum electrolyte 
shifts, and histologic changes in dogs. The 
phrase “circulatory arrest” refers to the 
maintenance of dogs at 4° C. with cardiac 
standstill, and with the pump-oxygenator 
and the respirator used in these experiments 
turned off. 


MATERIALS AND METHODS 


A total of 16 male and female mongrel 
dogs which weighed 15 to 20 kilograms were 
used. Three of the dogs were sacrified for 
various studies immediately after rewarming. 
In the 13 remaining animals, every attempt 
was made to achieve resuscitation and long- 
term survival. 

Hypothermia was produced by means of 
“core cooling” with De Bakey pumps and 
a disc oxygenator combined with a double 
Brown-Harrison heat exchanger. The chest 
cavity was not opened so that the effects 
of cooling and circulatory arrest alone could 


Supported by the National Institutes of Health Grants 
H-5245, H-2825, and A-2029. 

Read at the Twenty-second Annual Meeting of the So- 
ciety of University Surgeons, Kansas City, Kan., Feb. 
9-11, 1961. 

*This work was done during the tenure of a Research 
Fellowship of the Heart Association of Maryland. 


Effects of total circulatory standstill in 


BENJAMIN F. RUSH, JR., MD. 
ROBERT J. WILDER, M.D. 

RONALD FISHBEIN, M.D.* 

MARK M. RAVITCH, M.D. 
BALTIMORE, MD. 

From the departments of surgery of The 

Johns Hopkins Hospital, the Baltimore City 
Hospitals, and The Johns Hopkins University 
School of Medicine 


be evaluated. A partial bypass was used with 
2, or sometimes 3 venous catheters from 
a femoral and a jugular vein or veins. 
Venous return to the pump-oxygenator was 
by gravity drainage. The arterial catheter 
was inserted into the femoral artery. While 
the animal was being prepared for hypo- 
thermia, the trachea was intubated with a 
cuffed tube connected to a Harvard piston 
respirator through a Douglas bag containing 
95 per cent oxygen and 5 per cent carbon 
dioxide. At the end of 1 hour of this type 
of respiration the animal’s blood and tissue 


. had become “denitrogenized.” The partial 


pressure of nitrogen had been replaced by 
that of the oxygen—carbon dioxide mixture. 
This increased somewhat the amount of 
oxygen available to tissues during the period 
of cardiac arrest, and also fixed the animal’s 
carbon dioxide level at approximately 27 
mEq. per liter before the start of the experi- 
ment. 

To prevent the upward drift in tempera- 
ture which occurs after the onset of circula- 
tory arrest, the animals were packed in ice 
and were thus maintained at 4° + 1° C. 
(rectal) over this period. Quinidine, 40 mg. 
per kilogram of body weight, and low 
molecular weight dextran,* 2 Gm. per kilo- 
gram of body weight in a solution of 10 per 


*Courtesy of Baxter Laboratories, Inc. 
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cent glucose, were mixed into the priming 
blood of the pump-oxygenator prior to the 
start of perfusion. The pump-oxygenator 
was primed with 2,500 ml. of heparinized 
dog’s blood, which had been drawn the 
night before and stored with 50 ml. of 
5 per cent glucose per 500 ml. 

The blood in the pump-oxygenator was 
cooled to 4° C. prior to the start of per- 
fusion. Induction of hypothermia was car- 
ried out as rapidly as possible. Average flow 
rates ranged from 40 to 47 ml. per kilogram 
per minute during cooling. Temperatures of 
3.5° to 4.0° C. (rectal) and 1.5° to 2.5° C. 
(esophageal) were usually achieved in from 
40 to 60 minutes. The pump-oxygenator and 
the piston respirator were then turned off 
for 2 hours. 

Immediately before rewarming, the blood 
in the pump-oxygenator was warmed to 
25° C. Circulation in the dog was then 
rapidiy established. The average flow rates 
during rewarming were 43 to 48 ml. per 
kilogram per minute. The attempt was made 
to raise body temperature as rapidly as 
possible to normal. 

Esophageal and rectal temperatures were 
recorded in all animals during the course 
of induction of hypothermia, during circula- 
tory standstill, and during rewarming. Brain, 
muscle, skin, small intestinal, and bron- 
chiolar temperatures were also recorded in 
some of the animals. Samples of femoral 
artery blood were drawn for the determina- 
tions of sodium, potassium, carbon dioxide, 
chloride, pH, osmolality, blood urea nitro- 
gen, calcium, phosphorus, and hematocrit 
at intervals throughout the experiment. 

With the circulation arrested, changes in 
metabolites and electrolytes resulting from 
cellular activity are reflected only in the 
extracellular fluids. Certainly few changes 
would be expected in blood lying in the 
major vessels. Samples drawn repeatedly 
from the aorta, for instance, at the end of 
circulatory arrest showed no change in con- 
centration of blood constituents. In order to 
obtain an indication of the extracellular 
fluid changes, blood was circulated through 
the dog for 5 minutes at the end of circula- 
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tory arrest before a sample was drawn. To 
avoid dilution of this sample by the large 
volume of blood in the various components 
of the oxygenator and heat exchanger, these 
units were cut out of the circuit during the 
recirculation period. In 3 animals blood was 
recirculated through the bypass for 5 
minutes every 30 minutes during the period 
of circulatory arrest and blood samples were 
taken. Since these animals were not strictly 
in complete circulatory arrest during the 
2-hour period, they were sacrificed on re- 
warming and not considered in the studies 
of survival. The changes observed would 
undoubtedly be greater if, by recirculation, 
complete perfusion of the tissues were possi- 
ble at these temperatures and samples could 
be secured which fully reflected the com- 
position of the peripheral fluids. 

Animals in which long-term survival: was 
attempted were attended almost constantly 
by a physician during the first 24 hours after 
resuscitation. Complete formal autopsy was 
performed on animals which died after at- 
tempted resuscitation, or which were de- 
liberately sacrificed. All organs, including 
the brain, were examined grossly and micro- 
scopically. 


RESULTS 


Flow rates. Flow rates in the hypothermic 
animal tend to fall with decreasing tempera- 
ture when pump speed is kept constant. 
Dextran has been reported to help maintain 
flow rates at higher levels.?:* In Table I the 
flow rates in the surviving animals in the 
experiments in which dextran was utilized 
are compared with the average flow rates in 
animals in a previous series of experiments 
in which no dextran was used, but in which 
the same degree of hypothermia was 
achieved. In both circumstances flow tended 
to decrease with progressive lowering of 
body temperature. This decrease in flow rate 
was much more marked in animals which 
did not receive dextran. While dextran im- 
proved flow rates, it did not prevent the 
problem of blood sequestration. Observation 
with a dissecting microscope of the capillary 
blood flow in the conjunctiva and the 
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Table I. Flow rates (ml./Kg./min.) in dogs which survived hypothermia 


Cooling (C.) Warming (C.) 


Dextran 5° | 40° 20° | 39° 
Without 34 29.74 24.4 19.4 15.3 25.5 24.5 29.3 i 
With (2 Gm./Kg.) 44.7 46.8 40.8 40.1 43.0 44.2 46.8 48.3 


omentum in several animals showed a cessa- Because rectal temperature appeared to | 
tion of flow in some of the capillaries in all represent a reasonable mean of the various [| 
as temperature fell. During rewarming, after areas measured, we have used it throughout | 
2 hours of circulatory arrest, there was as a common reference point for the changes | 
absence of flow in many of the capillaries, in electrolytes and other parameters meas- [| 
and red blood cells could be seen clumped ured. 
and trapped in these inactive vessels. Addi- Electrolytes and hematocrit. The most 
tional evidence of this phenomenon was the prominent electrolyte changes observed oc- 
negative balance of blood which existed at curred in the serum potassium and _ phos- 
the completion of rewarming and _ resusci- phorus levels. Serum potassium _ levels 
tation. There was always a negative balance __ increased in all of the animals as tempera- 
of blood ranging from 200 to 1,000 ml. ture fell from normal to the 4° C. level. 
which remained in the animal and did not During the 2-hour period of circulatory 
return to the pump. arrest there was a further and more marked 
Temperature changes. Temperature increase in the serum potassium level. On 
changes varied considerably, depending on rewarming of the animals, the serum potas- 
the region measured (Fig. 1). The eso- sium levels dropped very promptly to, and 


phageal temperatures were always lowest 
during cooling and reflected the nearness of Table II. Electrolyte changes (mEq./L.) 


the esophagus to the aorta, the inflow chan- during 2-hour circulatory arrest at 4° C. 
nel for cold blood from the heat exchanger. : 
Of the various tissues recorded, the brain Differ- 

led duri Start End ence p 
most t some uring i407 138.9 0.10 
cooling the disparity between various areas Potassium 3.7 4.9 +1.2 <0.01 
was quite great. After 30 minutes of cooling on ang 95.2 7.0 +1.8 <0.05 

arbpon 


the esophageal temperature had reached 5° 
C., while the brain temperature was still 
above 20° C. During the 2 hours of circu- 


dioxide 27.6 29.3 “a3 <0.10 


latory arrest, with the animal packed in ice, Table HII. Blood and serum stuns 
all temperatures tended to converge to a during 2-hour circulatory arrest at 4° C. 
common mean of approximately ail C. Differ- 
During the rewarming, the relation of Start | End | ence p 
temperatures was reversed, with the brain 
temperature rising most slowly and the trogen (mg. 
esophageal temperatures rising most rapidly. 
Additional temperatures, recorded but not phosphorus 
shown in Table I, are skin temperatures (mEq./L. ) 5.2 6.6 +1.4 * 

Hematocrit 
(which paralleled closely those for muscle) , “tg 35.6 396 +40 <0.01 
pulmonary-bronchial temperatures (which 
closely paralleled the rectal temperatures), peso 

(mOsm. 

and small bowel temperature (which fell L) 339° 345 46.0  <0.05 


mor id i b 
ad *P value was not calculated because phosphorus level 
less rapidly than the rectal temperature). was determined in only 3 animals. 
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usually below, the original control levels 
(Fig. 2). 

Serum phosphorus levels showed a marked 
rise through the period of cooling and during 
the period of circulatory arrest. However, 
on rewarming of the animals the serum 
phosphorus continued to rise rather than 
return toward normal levels, so that at the 
end of rewarming the serum phosphorus 
levels had reached more than double the 
normal serum levels. Hematocrit and serum 
chloride rose slightly, but significantly, dur- 
ing circulatory arrest. Serum sodium levels 
remained unchanged. Average serum carbon 
dioxide and serum osmolality rose signifi- 
cantly over the period of circulatory arrest. 
Serum calcium and urea nitrogen levels 
showed no significant change (Tables II 
and III). 


Blood pH, recorded in the instrument at 


the same temperature as in the dog, fell 
from an average of 7.37 at normothermia 
to 7.19 at the beginning of circulatory arrest, 
remained almost unchanged during the 2 
hours of circulatory arrest, and returned to 
levels slightly below normal during rewarm- 
ing. 

Oxygen consumption. Oxygen content of 
the blood increased to a maximum average 
level of 22 vol. per cent with supersaturation 
and denitrogenization of the blood at the 
4° C. level, just prior to circulatory arrest. 
During circulatory arrest the oxygen content 
fell persistently to a minimal average level 
of 6 vol. per cent at the end of 1% hours. 
This minimal level was then maintained 
until circulatory arrest was ended, and, with 
rewarming, oxygenation was resumed (Fig. 
3). Oxygen consumption over the first 90 
minutes was 0.31 ml. per kilogram per 
minute. 

Deaths and morbidity. All of the animals 
were successfully resuscitated and taken off 
the pump-oxygenator with apparently nor- 
mal blood pressures at the end of the experi- 
ment. All of the animals showed some degree 
of return to consciousness in the subsequent 
hours, with contraction of pupils, return of 
corneal reflex, and spontaneous respiration. 
However, 6 of the animals died without 
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TEMPERATURE CHANGES 


IN HYPOTHERMIA 


TEMPERATURE 


BRAIN 
MUSCLE 
RECTAL 
ESOPHAGEAL 


° 30 60 CIRCULATORY ARREST (2 HRS.) 30 60 7s 


TIME (MIN) 


Fig. 1. Esophageal temperatures fell most rapidly 
to an average of 2° C. in 60 minutes. Brain 
temperatures fell most slowly and when the esoph- 
agus was at 5° C. the brain temperature registered 
at 25° C. During circulatory arrest with external 
cooling all temperatures tended to converge to a 
common mean of from 4° to 7° C. 


completely regaining consciousness, from 6 
to 16 hours after the end of the period: of 
hypothermia (Table IV). Of the remaining 
7 animals, all recovered consciousness and 
appeared to react like normal dogs, took 
food or water by mouth, and responded to 
whistles and calls. Three of the animals 
demonstrated moderate weakness of the hind 
legs, which cleared spontaneously. Of these 
7 animals, 1 died in 28 hours of hemorrhage 
from the large and small bowel; 2 died 
at the end of 5 days, 1 from hemorrhage 
from a gastric “stress” ulcer and 1 from 
an ileoileal intussusception; and 1 died on 
the seventh postoperative day from inferior 
vena cava thrombosis (Table V). Three 
animals are alive and apparently well at 
the present time. 

Pathology. Autopsies of the 10 animals 
which died of various causes after the ex- 
periment and those of 3 animals which were 
deliberately sacrificed at the end of the 
experiment showed the presence of 2 definite 
lesions in almost every instance. One was 
a necrosis of varying degree of the mucosa of 
the small and large bowel. In some instances 
necroses were small and scattered, while in 
others long segments of the small bowel 
were involved. In 8 of the animals an area 
of subendocardial hemorrhage was found 
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Fig. 2. Serum potassium changes are plotted 
against time and temperature. During cooling the 
potassium level rose significantly from a mean of 
3.55 to 3.72 mEq./L. (p = <0.01). During 
circulatory arrest the potassium level increased 
again to 4.90 mEq/L. (p = <0.01). On re- 
warming the serum potassium fell 2.88 mEq./L. 
which was significantly below the control level. 


on the left ventricular septum adjacent to 
the outflow tract. 


COMMENT 


These studies have demonstrated a num- 
ber of consistent physiologic changes in the 
course of circulatory arrest which are as- 
sociated with profound hypothermia. Sealy 
and associates,’® Neville and his colleagues,° 
and Bjork? have shown that metabolism is 
decreased but continues with the utilization 
of oxygen at temperatures of approximately 
10° C. In our experiments this was also true 
at 4° C. Despite the presence of maximum 
amounts of available oxygen in the blood 
and tissue at the beginning of circulatory 
standstill, all or nearly all utilizable oxygen 
was extracted from the body fluids at the 
end of 90 minutes of standstill. During the 
last 30 minutes of standstill any metabolic 
process was on an essentially anaerobic basis. 

The changes in electrolytes and hematocrit 
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during circulatory arrest and profound hy- 
pothermia are undoubtedly due to multiple 
factors. Three major factors occur to us; 
first, a shift of water out of capillaries due 
to increased capillary permeability; second, 
a shift of substances out of and into cells 
due to a loss of the ability of cell membranes 
to maintain the normal partitioning of intra- 
and extracellular electrolytes; and, finally, 
the gradual accumulation of substances due 
to the continuing metabolism. 

In the first instance the rise in hematocrit 
over the period of circulatory arrest is evi- 
dence of a loss of water from the vascular 
compartment with hemoconcentration. In 
the second instance, the rise of the serum 
potassium level is evidence of a shift of 
electrolytes out of cells. The increase of 
potassium is too great to be accounted for 
by hemoconcentration alone, and cannot be 
blamed upon hemolysis because the dog’s 
red blood cell is a “sodium” cell and contains 
almost the same concentrations of potassium 
as does serum. In the last instance, the slight 
but definite rise in the serum carbon dioxide 
level can be attributed to the continuing 
metabolism of oxygen over the period of 
circulatory arrest. 

It is believed that the alterations in serum 
electrolytes observed represent a balance of 
changes which may be working in the same 
or in different directions. For instance, 
hemoconcentration would increase the con- 
centration of serum sodium, while a shift 
of sodium into cells would lower serum levels. 
Serum potassium changes, on the other hand, 
would be additive, with hemoconcentration 
and shift of potassium out of cells both con- 
tributing to the increase noted. None of the 
changes observed were large enough to be 
a cause of death in themselves, and the 
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Table V. Cause of death 


Early deaths 


Pulmonary edema 
Unknown 


Late deaths 
Bleeding small and large bowel (28 hr.) 
“Stress” ulcer with hemorrhage (5 days) 


Ileoileal intussusception (5 days) 
Inferior vena cava thrombosis (7 days) 


changes were important only as they reflected 
the presence of other physiologic alterations. 

To our knowledge there have not to date 
been any studies reported of biochemical 
changes at the level of temperature or the 
lengths of circulatory arrest employed in 
these experiments. Boyd and Webb? observed 
electrolytic shifts in dogs held at 5° C. for 
1 hour, and reported a rise in potassium and 
chloride levels. They also noted a rise in 
serum sodium concentration which we have 
not observed. Cooling of animal tissues in 
vitro is known to induce a shift of sodium 
into cells and potassium out of cells.® ® 
Anoxia induces a similar shift.* Electrolyte 
and hematocrit alterations noted in our 
studies may be due to the effects of cold 
or of anoxia, and probably are due to both. 

The deaths and morbidity seen in these 
dogs established the fact that by the methods 
employed, 2 hours of circulatory arrest at 
4° C. exceeds the L.D.5. for dogs, and sug- 
gest that by the technique employed, 1 to 114 
hours of arrest is the longest period that 
can be tolerated by dogs and still allow a 
majority to survive. On the other hand, it 
is interesting that some dogs tolerated even 
this long period of circulatory arrest with 
resuscitation and indefinite survival. 

None of the animals showed evidence of 
brain damage, either on the basis of micro- 
scopic examination of the brains of the 
animals which died or the behavior of those 
which survived. Bjérk’ ? and Lesage and his 
group® have reported evidence of brain 
damage in dogs and human beings after 
| hour of hypothermia and circulatory arrest. 
However, in those series the lowest tempera- 
ture reached was approximately 10° C. 
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measured in the esophagus. Moreover, the 
dogs or human beings were not packed in 
ice, and temperatures tended to drift upward 
a considerable distance during circulatory 
arrest. Since brain temperature may be 10 
to 20 degrees above the esophageal tempera- 
ture, it is possible that the brains of the 
subjects may not have been well protected 
by cold. 

The endocardial hemorrhage often noted 
in the left ventricle was an unexplained 
lesion and seemed too superficial to cause 
any functional change in the heart. This 
lesion has also been noted by Neville and 
associates.° The mucosal necrosis of the small 
bowel was often extensive and led to symp- 
toms and even death in some of the animals. 
This change may arise from a maximum 
degree of sequestration of blood in the small 
bowel, with a failure of proper oxygenation 
of the bowel during rewarming which results 
in tissue anoxia and cell death. 
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Fig. 3. The oxygen content fell from a high of 22 
vol. per cent at the beginning of cardiac arrest to a 
low of 6 vol. per cent at 1% hours of arrest. No 
additional uptake of oxygen occurred in the next 
half hour, and in this final period it is assumed 
that metabolism proceeds on an anaerobic basis. 


No. 
| 
| 
| 
n 
yf 
yf 
ye 
’s 
1S 
m 
it 
le 7 
1g 
of | | 
| 
m | 
of 20 | 
| | 
ne 15 | | a 
e, | | 
10 
n- | | 7 
ift 5 | 
| | | 
Is. 
id, 40 | 
30 
yn- 
he 20 | | 
be | | 
10 
the | | 
° 30 60 


46 Rush et al. 


SUMMARY AND CONCLUSIONS 


Sixteen dogs were cooled to a rectal tem- 
perature of 4° C. by “core cooling” with 
a pump-oxygenator and heat exchanger 
through a venoarterial bypass. Dextran was 
added to the blood in the pump-oxygenator. 
All circulation was arrested for 2 hours. 
Rectal temperatures of 4° C. were main- 
tained during circulatory arrest by external 
cooling with an ice pack. The dog was then 
rewarmed. Thirteen animals were maintained 
and supported for observation of the mor- 
bidity and deaths which resulted from the 
technique. Observations of blood flow, tem- 
perature changes, changes in electrolyte 
concentration and hematocrit, oxygen con- 
sumption, and the gross and microscopic 
pathologic pictures were made. 

Blood flow during induction of ‘hypo- 
thermia and rewarming was increased by the 
addition of low molecular weight dextran 
to the system, but sequestration was not pre- 
vented. Temperature fell most rapidly in the 
esophagus and least rapidly in the brain. 
The disparity of temperatures between these 
two areas during cooling and rewarming was 
at times as much as 20° C. During the 2 
hours of circulatory arrest and external cool- 
ing temperatures at all sites tended to con- 
verge to a common mean of approximately 
4° C. 

Oxygen utilization by body tissues con- 
tinued at 4° C. at the average rate of 0.31 
ml. per kilogram per minute for the first 
hour and a half of circulatory arrest and 
arterial oxygen content fell to 6 vol. per cent. 
During the last half hour of circulatory 

arrest no further oxygen uptake occurred and 
it is presumed that metabolism continued 
on an anaerobic basis. 

During the period of circulatory arrest 
serum potassium, chloride, and _ carbon 
dioxide levels increased slightly, but signifi- 
cantly. Sodium calcium and blood nitrogen 
concentrations remained unchanged. Hema- 
tocrit and serum phosphorus levels increased. 

All of the animals were successfully resus- 
citated and disconnected from the pump- 
oxygenator with a stable blood pressure after 
rewarming. Six animals died in 6 to 16 hours 
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after the procedure, 4 of pulmonary edema 
and 2 of unknown causes. Four animals died 
1 to 7 days after the procedure of various 
causes and 3 animals have survived 3 to 6 
months. 

Histologic examination of tissues of the 
dogs which died or were sacrificed after the 
procedure showed, among other changes, 
mucosal necrosis of small to large areas of 
the small and large bowel in all dogs. No 
evidence of central nervous system damage 
was found. 

It is believed that during the long period 
of circulatory arrest there was impairment of 
normal electrolyte partitioning between intra- 
and extracellular fluids and increased capil- 
lary permeability with loss of water from the 
vascular compartment and hemoconcentra- 
tion. It appears that 2 hours of circulatory 
arrest by the methods employed is the upper 
limit tolerated by the dog with any signifi- 
cant number of permanent survivals. 


The authors express their thanks to the follow- 
ing technicians: John MHsiehi, John Penser, 
Barbara Broadway, Lucille Borgen, and Dorothy 
Frankel. 
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DISCUSSION 


Dr. George H. A. Clowes, Jr. (Cleveland, 
Ohio). Dr. Long, Dr. Lillehei, and their associates 
have made an important contribution in drawing 
attention to the problem of red blood cell clump- 
ing during artificial perfusion of the whole body. 
This is similar to the phenomenon in shock de- 
scribed by Geline and may well account for 
certain of the untoward reactions which occur 
after the use of a pump-oxygenator. We are 
convinced that the greatest problem still existing 
in this field is the damage inflicted upon blood 
elements. Certain of the protein changes induced 
by oxygenation and pumping of blood have been 
quantitated by Drs. Lee and Maloney. I sincerely 
hope that work of the type they are doing may 
give us the ultimate answer to the ideal apparatus 
as well as an answer to the question of why there 
appears to be a limit to the time a perfusion 
may be continued. 

For example, we believe that the lungs in 
roughly 30 per cent of patients are subject to a 
type of inflammatory reaction after perfusions of 
more than | hour’s duration. This we have studied 
in dogs with the preliminary conclusion that a 
similar pattern of response can be produced by 
either mismatched donor blood or by severe blood 
trauma. 

Although we have worked with dextran of low 
molecular weight, I cannot say that I think this 
material, valuable as it appears to be, is the 
ultimate answer. Rather, it appears that apparatus 
and techniques of perfusioi must be developed 
which produce the least possible blood damage 


“Discussion of papers by Long, Sanchez, Varco, and 
Lillehei; Lee, Krumhaar, Fonkalsrud, Schjeide, and Ma- 
loney; and Rush, Wilder, Fishbein, and Ravitch. 
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as measured by methods like those of Drs. Lee 
and Maloney. 

I compliment Dr. Rush on his carefully con- 
ducted experiments and ask that he say a word 
about the degree of metabolic acidosis present 
during and after rewarming. Our information 
suggests that acidosis may be quite severe at this 
phase of perfusion under profound hypothermia 
in animals. 

Dr. Ray Heimbecker (Toronto, Canada). Our 
studies were performed with the quartz-rod tech- 
nique with transillumination of the capillary bed 
of the mesenteric vessels both before, during, and 
after cardiac bypass. The quartz rod provides an 
intense atraumatic illumination of the vascular 
tree. 

The film shows the normal capillary bed at 
about 300 diopters. You can see rapidly flowing 
blood in all parts of the tree and now, after 1 
hour of cardiac bypass, we see slow sludgelike 
flow. Here is a venule, here is an arteriole, and 
here is the sludgelike flow of agglutinated red 
blood cells leaving the capillary bed of the mesen- 
tery. After 1% hours of bypass the agglutination 
of red blood cells is even more pronounced. Here 
is the slow, porridgelike flow of clumped red blood 
cells. Here is another area in which there is 
marked red blood cell agglutination. Here is still 
another area under even higher magnification and 
a few discrete cells are coming down, but red 
blood cell clumps fill this venule. Antisludge drugs 
have been sought with little success. Heparin 
itself seems to have a transient antisludge effect, 
and so may offer all patients who undergo cardiac 
bypass some protection. 

William E. Neville (Cleveland, Ohio). In the 
main, we have found 2 factors which militate 
against success in profound hypothermia. One is 
the hypoxic acidosis which can occur even at 
10° C. and another is the decay in oxygen tension 
in the brain during complete circulatory arrest. 

The slide depicts the pH values corrected for 
temperature in different groups of dogs which 
were cooled to 10° C. and rewarmed. In Group I, 
the animals were cooled to 10° C. by extra- 
corporeal perfusion and immediately rewarmed. 
All of these animals survived and the pH values 
did not change during the perfusion. The dogs 
in Group II were subjected to 15 to 30 minutes 
of circulatory arrest at 10° C. Again in this group 
the pH values did not materially change and the 
animals did not become acidotic. In contrast, in 
the Group III in which circulatory arrest was 
maintained for 30 to 78 minutes the animals 
became markedly acidotic during the rewarming 
phase. This is a direct reflection of the hypoxic 
acidosis which originates during the long period 
of arrest at 10° C. 

The majority of these dogs died, as did the 
animals in Group IV which we maintained on 
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an extremely low perfusion of 10 to 20 ml. per 
kilogram at 10° C. before rewarming. 

This slide depicts the decay in oxygen tension 
in the cerebrospinal fluid, which we believe reflects 
the oxygen tension of the brain, during circula- 
tory arrest. This was measured in conjunction 
with Dr. B. M. Bloor, our neurosurgeon, and 
at 10° C. within 18.5 minutes there was very 
little oxygen left in the cerebrospinal fluid, al- 
though it actually took, on the average, 41 
minutes to reach zero. From these data it appears 
that it is unsafe to completely interrupt the 
circulation for longer than one-half hour. 

Dr. Ben Ejiseman (Denver, Colo.). As you 
know, the viscosity of blood increases markedly 
during hypothermia, both because of the effect 
of cold and, more particularly, because of hemo- 
concentration. Dr. W. A. Anderson of Aberdeen, 
Scotland, and I reasoned that cardiac irregularities 
characteristic of deep hypothermia might be due 
in part to the increased work of the heart in 
pumping such high viscosity blood. We therefore 
investigated the efficacy of several substances that 
might change the flow characteristics of blood, 
as they might promote a greater tolerance to deep 
hypothermia in the splenectomized dog. The end 
point in these experiments was ventricular fibril- 
lation or standstill and, as the slide shows, we 
tried a number of surface-tension depressants as 
well as low molecular weight dextran. There was 
wide individual variation but statistical analysis 
showed that neither low molecular weight dextran 
nor the surface-tension depressants were effective 
in increasing the dog’s tolerance to hypothermia. 
Whatever the benefits of low molecular weight 
dextran, surface-tension depression is not among 
them. 

Dr. Wendell B. Thrower (Charleston, S. C.). 
I would like to compliment Dr. Lee and the 
authors on the fine presentation and very excellent 
piece of work. We have long been interested in 
sludging at South Carolina. When Dr. Lee was 
with us he did some very good work in this 
area. Two things occurred to me while I listened. 
First, I wonder what effect hypothermia has on 
this denaturation and if it will decrease it or 
increase it, if we might pursue studies along this 
line, and if work has already been started along 
this line. The other question I would like to ask 
Dr. Lee concerns the hyperpyrexia that we see 
after open-heart operations. Is the denaturation 
of proteins related to hyperpyrexia? 

Dr. David M. Long (closing). I want to thank 
the discussers for their remarks. It has been 
stimulating to hear these reports today. The 
studies by Dr. Lee on the etiology of intravascular 
aggregation are particularly interesting. The 
suspension stability of proteins may be as im- 
portant as the suspension stability of the formed 
elements of the blood, and this is a problem that 
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we are now studying. As for low molecular weight 
dextran being the answer to all the problems of 
extracorporeal circulation, it certainly is not. 
However, Rheomacrodex appears to be one of 
the answers. In about 5 per cent of our control 
series, we believed that the degree of intravascular 
aggregation was sufficiently severe to cause death. 
These few patients, who had severe intravascular 
aggregation and were in an apparently moribund 
state, were resuscitated by the rapid administra- 
tion of appropriate quantities of a concentrated 
solution of Rheomacrodex with return to normal 
of the microcirculation. 

Intravascular aggregation is a conspicuous find- 
ing in hypothermia as demonstrated by Dr. Bertil 
Lofstrom of Stockholm. However, in profound hy- 
pothermia the intravascular aggregation does not 
appear to be the cause of the neurological damage 
and unexplained morbidity and death. Rheo- 
macrodex will prevent the intravascular aggrega- 
tion in profound hypothermia and improve the 
circulatory dynamic as pointed out by Dr. Rush 
in his excellent study. However, the circulation 
through the small blood vessels is still far from 
normal. Obviously, there are a number of very 
difficult problems to be solved in the application 
of profound hypothermia. 

William H. Lee, Jr. (closing). I would like to 
thank the discussers very much. In regard to Dr. 
Heimbecker’s comments about sludging, I think 
we must keep in mind the fact that this phe- 
nomenon also occurs in many minor, as well as 
serious, diseases, as described by Dr. Edward Bloch 
in 1956 in some 3,000 cases of various diseases. 
Large sludge masses can be seen in the con- 
junctivae of individuals with nothing more serious 
than hangovers or minor respiratory disease, but 
these masses are visualized usually in small venules, 
and they appear to be elastic, deforming to pass 
through smaller vessels or fragmenting in small 
arterioles to reform after having passed through 
the capillary bed into the venules. I think that 
in an evaluation of this phenomenon in extra- 
corporeal circulation the factor of greatest im- 
portance to circulation physiology is visible 
vascular occlusion, rather than the presence or 
size of sludge masses per se. The rigidity of the 
sludge mass is of prime importance in determining 
whether a sludge mass of a given size will obstruct 
the vascular tree or deform and pass through it. 
At present we would presume this factor to depend 
upon the rigidity of the gelled coating of dena- 
tured protein which we believe has adsorbed onto 


‘the red blood cell surface. The dextran effect upon 


sludging has been extensively discussed in the 
Scandinavian literature. The classical studies of 
Robin Fahraeus have been continued and elabo- 
rated by Thorsen, Gelin, and others concerning 
the influence of colloidal molecular weight on 
the suspension stability of the blood. These studies 
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have contributed greatly to the understanding of 
the complex biophysics of blood and provide a 
fertile field for further investigation. 

Time does not permit a theoretical discussion 
in answer to Dr. Thrower’s question regarding 
hypothermia, and I have no factual data to 
offer him on this subject. 

Benjamin F. Rush, Jr. (closing). I would like 
to thank the discussers. The measurement of pH 
in hypothermia is beset by a number of variables. 
The technique of measurement is most important. 
In our experiment the glass electrode was cooled, 
and the temperature in the pH meter maintained 
at the blood temperature of the hypothermic 
animal. With this method, a moderate acidosis 
was noted during cooling, with a drop from 
pH 7.38 at 37° C. to 7.15 at 5° C. No change in 
pH occurred during the 2 hours of cardiac arrest. 
During rewarming, pH rose again, but did not 
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return to normal immediately. In animals that 
died, pH usually had begun to fall again sub- 
sequently. In surviving animals pH gradually rose 
and returned to normal in the next several hours. 
If the measurement of pH was carried out with 
the glass electrode at room or at body tempera- 
ture, regardless of the experimental temperature 
of the blood, and “correction” factors were ap- 
plied, gross overcorrection occurred. 

If animals were kept at 4° C. for longer 
periods than reported here, that is, 4, 8, or 21 
hours, electrolyte changes occurred in the same 
direction as at 2 hours, but were much more 
exaggerated. The potassium level rose as high as 
11 mEq. per liter and the sodium level dropped 
as low as 120 mEq. per liter. Although these 
animals did not survive for more than 1 to 12 
hours, the electrolytes still shifted toward normal 
on rewarming. 
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The identification of the conduction 


system of the heart by 


audiofrequency 


conductimetry 


any methods of identification of 
the conduction system of the heart have 
been described since the beginning of open- 
heart surgery. These have included bipolar 
electrocardiography,'* iodine staining,” * *° 
and plotting anatomic position.* '' All of 
these methods have been unsatisfactory, 
either because of trauma, inconsistent re- 
sults, or impracticality in clinical use. 

The clinical importance of a simple and 
reliable method of locating the conduction 
system of the heart during repair of congeni- 
tal defects cannot be overemphasized. The 
incidence of surgically induced heart block 
has been reported to be 10 per cent in pa- 
tients with ventricular defects.° Permanent 
heart block in these individuals may result 
either in death by cardiac arrest or in a crip- 
pling reduced cardiac output. 

This report describes a method for locat- 
ing the conduction system of the dog heart 
by means of audiofrequency conductimetry. 
Lewis’ first described a difference in conduc- 
tion times between the myocardium and con- 
duction system which has been confirmed by 
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Sodi-Pallares'? and Schaufer.® This observa- 
tion suggested a greater resistance to the 
flow of electric current in the myocardium 
than in the conduction system of the heart. 
It was reasoned that if this were true, a 
relative difference in impedance between 
these two tissues should exist which could 
possibly be detected. 

One of us (W.B.) suggested that on the 
basis of this principle an electronic device 
might be developed which would be capable 


of measuring the anticipated difference in 


impedance. 


MEASUREMENT OF RELATIVE 
DIFFERENCES IN IMPEDANCE 
IN THE DOG HEART 


A Wheatstone bridge was connected to an 
oscillator with a frequency of 1 ke. (Fig. 1). 
The current at the tip of a bipolar detector 
probe was 0.3 Ma. at 0.3 v., assuming a re- 
sistance of 1,000 ohms across the heart. 

The detector probe in its original form 
consisted of two 22 gauge copper wires in- 
sulated except at their tips. The wires were 
encased in a plastic insulating cylinder with 
their tips spaced 1.0 mm. apart. A speaker 
was provided to emit an audible signal which 
changed in volume with variation in im- 
pedance as encountered by the probe. Pre- 
liminary experimentation indicated that im- 
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pedance differences could be easily detected 
in the right ventricle of the bypassed, ar- 
rested dog heart. 

A transistorized unit with a frequency of 
1 kc. and an output of 0.3 Ma. at the tip of 
the probe was then devised which is shown 
in Fig. 2. A null meter and bridge balance 
controls permitted absolute balance of the 
bridge. The speaker was activated by a con- 
tact which was closed when the bridge be- 
came extremely unbalanced. The null meter 
scale was divided into arbitrary units which 
indicated decreasing impedance from left to 
right. After the bridge had been balanced 
with the detector probe on an area of myo- . 
cardium with high impedance, the cardiac 
septum was scanned with the probe. When 
an area of low impedance was encountered, 
a pronounced imbalance of the bridge oc- 
curred, the null meter hand moved to the 
right and struck a contact which activated 
the speaker, and an audible sound was pro- 
duced. 

In each instance, this area of low im- 
pedance corresponded anatomically with the 
usual site of the right bundle branch of the 
conduction system in the dog heart. 

Our experiments were then devised to 


Table I. A summary of reported experiments 
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determine whether or not the areas of low 


impedance corresponded to the conduction 
system in the heart. 


METHODS AND RESULTS 


In each of the 52 experiments to be de- 
scribed, a mongrel dog was placed on com- 
plete cardiopulmonary bypass with a dis- 
posable plastic oxygenator and a Sigma- 
motor pump. A right ventriculotomy or atri- 
otomy was performed and the heart arrested 
by ischemia or cold blood. The detector 
probe was placed on the myocardium in the 
upper anterior portion of the ventricular 
septum or in the right ventricular epicar- 
dium and the bridge was balanced. Areas of 
low impedance designated by an audible 
signal from the speaker were then sought 
by passing the tip of the detector probe 
across the surface of the ventricular septum 
or annulus fibrosis. A summary of all ex- 
periments is shown in Table I. 

Detection and division of the right bundle . 
branch. In 14 animals, with the bridge bal- 
anced as described and with use of a right 
ventriculotomy incision, the right ventricu- 
lar septum was scanned with the detector 
probe until an audible alarm announced an 


No. of 
ex peri- EKG EKG Lugol’s 
ments Procedure normal block stain* Dissection and histology 
14 Detection and incision 0 Right bundle, Bundle divided in all 
of right bundle branch 14 
(2 mm.) 
14 Detection and place- 9 Right bundle, Bundle encroachment in 5, within 2 
ment of sutures on 5 mm. in 9 


each side of right 
_ bundle (2 mm.) 


6 Placement of sutures 4 


lar node 


6 Detection and incision 3 
of bundle of His (3 


mm. incision) 


Stimulation of atrioven- 11 
tricular node and right 1 
bundle branch, 2 to 4 
min. 


Nodal rhythm, — 


around atrioventricu- 


Atrioventricu- Divided in 3, within 2 mm. in 3 
lar dissocia- 
tion, 3 


Right bundle, 


Sutures included in nodal 
tissue in 3 


Minimal epicardial scarring 
in all, conduction tissue 
unaffected 


“Lugol’s staining of tissues is routinely useful only in demonstrating the right bundle branch and bundle of His. 
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AUDIO. SIGNAL 
OSCILLATOR 


SWITCH 
CONTROLLED 
BY METER 


SIGNAL 


STAINLESS STEEL 
4 LACENTER WIRE 


STAINLESS~ "INSULATION 
STEEL 
TUBE 


Fig. 1. Diagrammatic representation of the circuit 
used in measurement of impedance. The fre- 
quency of 1 ke. was arbitrarily selected. The 
probe design is that used in the described experi- 
ments. 


area of low impedance. With successive 
passes of the probe, the limits of this area 
were located and a 2 mm. incision was made 
with a No. 11 scalpel blade (Fig. 3). The 
heart was then closed, bypass discontinued, 
and electrocardiographic tracings compared 
to those obtained preoperatively. Either im- 
mediately or during the next 5 days, the 
animals were sacrificed and the septum of 
the heart painted with Lugol’s solution to 
demonstrate the right bundle branch of the 
conducting system. The relationship of the 
incision to the right branch was recorded 
and histologic sections were obtained from 
the area. 

Each of the 14 animals showed complete 
right bundle branch block after the stab 
wound incision of the area of low impedance 
found on the right ventricular septum. Lu- 
gol’s staining demonstrated division of the 
right bundle branch and histologic exami- 
nation confirmed this finding after staining 
with Masson’s trichrome. 

Detection of right bundle branch and 
placement of sutures on each side. A similar 
procedure was used in a second group of 1+ 
dogs except that in this group, instead of 
incising the area of lowest impedance de- 
tected by the probe, we placed sutures paral- 
lel to it, 2 mm. apart (Fig. 4). Once again, 
pre- and postoperative electrocardiographic 
tracings were obtained. The animal was sacri- 
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ficed immediately after the procedure or 
within the next 2 weeks. The septum was 
painted with Lugol’s solution to determine 
the location of the right bundle branch and 
histologic sections from the area of the 
sutures were prepared. 

Right bundle branch block resulted in 5 
of the animals. Nine showed no altered con- 
duction as evidenced by comparative elec- 
trocardiographic tracings. Lugol’s staining 
showed the sutures to be in close proximity 
in all experiments (Fig. 5, A), but the 
bundle fibers were partially encompassed by 
the sutures in the dogs which showed right 
bundle branch block. The results of the 
histologic study of sections again confirmed 
the findings. 

Location of the atrioventricular node. A 
right atriotomy was performed after com- 
plete heart-lung bypass had been accom- 
plished in 6 animals. An area of low im- 
pedance in the region of the atrioventricular 
node was found with the detector probe. 
While monitoring with the probe, we placed 
sutures completely about this site except in 
a narrow area thought to represent the ori- 
gin of the bundle of His (Fig. 6). Electro- 
cardiographic tracings were recorded before 
and after the experiment and histologic sec- 
tions through the area surrounded by su- 


Fig. 2. The transistorized unit and detection 
probe. The connecting cord is coated with plastic 
and may be autoclaved. Frequency, 1 ke. The 
output at the tip of the probe is 3.0 ma. of cur- 
rent at 0.3 v. The null meter indicator is at the 
balanced position. The speaker activator may he 
moved to meet changing sensitivity. 


BALANCE 
CONTROLS 
SPEAKER 
SPEAKER 

ACTIVATOR 
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fore Incision 


After Incision 


Fig. 3. Detection and division of the right bundle 
branch. The right bundle branch has been found 
and divided with a 2 mm. incision. Lugol’s solu- 
tion has been used after sacrifice of the animal 
to confirm division of the right bundle branch. 
Electrocardiogram showed right bundle branch 
block in all 14 animals. 


tures were studied after the animal ‘had 
been sacrificed. 

In the 6 experiments performed, electro- 
cardiographic tracings showed nodal rhythm 
in 2 animals postoperatively and normal 
rhythm in 4 others. Histologic sections were 
inconclusive in 3 experiments, but in the 2 
in which altered conduction was produced, 
nodal tissue was demonstrated within the 
confines of the sutures. Fig. 5, B, shows a 
suture placed within 0.5 mm. of conduction 
tissue. Failure to accurately identify the 
atrioventricular node, which lies at a variable 
depth within the annulus fibrosis, was at- 
tributed to depth limitations of the detector 
probe available for study. 

Location of the bundle of His. In 6 dogs 
a right ventriculotomy was performed, the 
chordae tendineae of the septal leaflet were 
divided, and the leaflet reflected. An area of 
low impedance thought to be consistent with 
the common bundle of His was found at the 
level of the atrioventricular ring and a 3 
mm. incision was made with a No. 11 scalpel 
blade. Once again, electrocardiographic trac- 
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ings were obtained before and after the ex- 
periment. Histologic sections of the area 
were made upon completion of the experi- 
ment or when the animal was sacrificed. 

In 3 of the 6 experiments, the incision in 
the area determined by the detector probe 
produced complete atrioventricular dissocia- 
tion on electrocardiogram and histologic sec- 
tions confirmed division of the conduction 
tissue in these animals. Dissection of the 
bundle after iodine staining in the remain- 
ing animals showed the incision to be within 
1 to 2 mm. of the conduction bundle. Here 
again, variable anatomic depth of the bundle 
and depth limitations of the probe pre- 
vented absolute identification. 

Studies to determine the effect of constant 
stimulation upon the conduction system. 
The experiment to be described was devised 
to determine the effect, if any, on the myo- 
cardium and conduction system of a current 
of 0.3 Ma. at 0.3 v. 

In 6 animals the area of the atrioventricu- 
lar node was exposed and identified through 
a right atriotomy and in 6 others the right 
bundle branch was identified through a 
right ventriculotomy. In both groups these 
structures were stimulated constantly for 


‘RBBB NORMAL in 9of 14 

Fig. 4. Detection of right bundle branch and 
placement of sutures on each side. Sutures have 
been placed 2 mm. apart and include the identi- 
fied right bundle branch between them. Electro- 
cardiogram showed right bundle branch block in 
5 dogs and was normal in 9. Painting with Lugol’s 
solution demonstrated close proximity of sutures 
to the right bundle branch. 
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Fig. 5. A, Photograph of dog heart after sacrifice and application of Lugol’s solution to the 
right ventricular septum. Note the close proximity of the sutures to the iodine-stained right 
bundle branch. B, Photomicrograph of section through atrioventricular node after detection 
and placement of sutures around it. Note the close proximity (0.5 mm.) of suture material 
to conduction tissue in upper right. (x130.) 


from 2 to 4 minutes with the detector probe. ' 
The incisions were closed, bypass discon- 
tinued, and the animals allowed to survive 
for from 7 days to 4 months. All were fol- 
lowed by serial electrocardiograms and on 
sacrifice histologic sections were studied 
from the area of stimulation. . 

Only 1 animal in which the right bundle 
branch was stimulated for 4 minutes showed 
electrocardiographic evidence of bundle 
branch block. The remaining 5 animals 
showed no alteration of electrocardiogram 
during the observation period of from 1 
week to 4 months. Chronic stimulation of 
the atrioventricular node in 6 animals pro- 
duced no conduction change. Histologic sec- 
tions of the area stimulated showed minimal 
evidence of endocardial scarring in all 12 
dogs, but these changes did not involve the 
conduction system. The 1 animal which 
demonstrated right bundle branch block 
was sacrificed after 5 days because of em- 
pyema and showed no abnormality of the 
conduction tissue in the area stimulated. 
Seven of the 12 animals were observed for 
from 1 to 4 months with weekly electrocar- 


diographic tracings and no alterations were 
noted. 


COMMENT 


Numerous measurements of electrical im- 
pedance of myocardium and conduction tis- 
sue have shown conduction tissue impedance 
to average 30 to 50 per cent less than that 
of myocardium. With this consistent differ- 
ence, the relative change in impedance can 
be rapidly determined with the electronic 
tools described. The wide variance in the im- 
pedance of any one tissue (that is, lung, liver, 
or muscle) noted by Schwan’? has not 
limited the method, because the percentage 
of relative difference of impedance within 
the heart remains constant. 

Consistent, concise, rapid location of the 
right bundle branch of the conduction sys- 
tem in the dog has been made possible. The 
location of the bundle of His in the dog, 
however, has been hampered by its anatomy. 
This structure lies within the annulus fibro- 
sis of the right atrioventricular ring, is ex- 
tremely short, and is high beneath the septa! 
leaflet of the tricuspid valve. Identification 
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requires division of the attachments of the 
septal leaflet, which is incompatible with life 
in the dog and does not provide good access 
to the probe. 

Identification of the atrioventricular node 
has not been satisfactory in the normal dog 
heart because the node lies at a variable 
depth within the annulus fibrosis. It may be 
immediately subendocardial or at a depth 
of 3 or 4 mm. 

Analogue studies in this laboratory (Fig. 
7) have shown that the present probe design 
limits the detection depth to 1 mm. In an 
attempt to overcome this limitation, exten- 
sive studies including use of gold and plati- 
num electrodes with varied spacing and fre- 
quencies ranging from 10 cycles per second 
to 3 megacycles were undertaken. Impedance 
stability of a given tissue was greatest at 50 
kc. Frequencies above 1 megacycle con- 
tributed many problems not found at lower 
frequencies and have been abandoned. The 
polarization of the electrodes in electrolyte 
solutions such as blood is also being studied. 

Studies of impedance in all areas of the 
heart have consistently shown a very low 
impedance in the septal leaflet of the tri- 
cuspid valve compared to that of the other 
2 leaflets. The impedance of the septal 
leaflet has been found to be 25 per cent 
lower than that of the remaining 2 leaflets 
in most instances. In fact, its impedance 
approaches that found in the conduction 
system when a frequency of 1 kc. is used. 
The atrioventricular node is partially cov- 
ered by the septal leaflet. In view of this 
finding, we conclude that the experiments 
directed at identification of the atrioven- 
tricular node in the dog by these methods 
are inconclusive. 

Preliminary studies by continuous electro- 
cardiographic monitoring have shown de- 
layed conduction in the right ventricle after 
serial division of the chordae tendineae of 
the septal leaflet (Fig. 7). This, of course, 
suggests the possibility that some of the right 
bundle conduction fibers pass through this 
leaflet, but more study will be required to 
confirm or disprove this suggestion. 

Projected application of these studies is 
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directed toward detection of the bundle of 
His in operations for congenital heart dis- 
ease. Tt is commonly accepted that surgically 
induced heart block is always a danger in 2 
groups of patients—those with large ven- 
tricular septal defects and those with endo- 
cardial cushion defects. Reemtsma’*® and 


4 of 6 
NORMAL 


2 of 6 SHOWED 
NODAL RHYTHM 


Fig. 6. Detection and placement of sutures around 
atrioventricular node. Electrocardiogram showed 
nodal rhythm in 2 of 6 animals. Histologic sec- 
tions showed nodal tissue within the confines of 
the sutures in 3. 


Probe Holder 


STAND 
PROBE 
# 22 insulated 
| ye Copper wire 
(analogue to nerve) 
+250m. Beaker 
A 


NORMAL NaC! (analogue to muscle) 
* Limit =/m.m. 


Fig. 7. Analogue study developed to investigate 
different probe designs and the effect of different 
frequencies. The copper wire represents an area 
of low impedance (conduction system) and the 
saline bath an area of high impedance (the myo- 
cardium). Raising or lowering the copper wire 
in the saline bath will determine depth of de- 
tection. 
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Lev," '* after extensive dissection and histo- 
logic studies of the conduction system of the 
hearts of patients who died with ventricular 
septal defects, have pointed out that this 
structure usually lies immediately subendo- 
cardially at the posterior inferior rim of a 
ventricular septal defect. In this instance, on 
the basis of experience in the dog heart, the 
conduction system lying within 1 mm. of the 
surface in human beings could be accurately 
and safely detected by the method described. 
Recently a somewhat different principle has 
been utilized and further modification of the 
design of the detection probe has been un- 
dertaken. Preliminary analogue studies and 
field plots suggest that with these changes 
detection depth can be increased threefold. 
In vivo studies are now in progress. It is 
anticipated that with continuing study, many 
practical applications of this electronic tool 
may result. 

The finding of significant and persistent 
percentage differences in impedance in the 
tissues of one organ or one anatomic area 
should permit accurate differentiation be- 
tween these tissues. In this event, more ac- 
curate identification of peripheral or cranial 
nerves to avoid injury during difficult dis- 
section seems likely, and reconstructive pro- 
cedures may be aided. The technique may 
also be useful in neurolysis, either by chemi- 
cal or electrocoagulation techniques, of a 
variety of neural structures, that is, dorso- 
lateral nucleus, trigeminal or sympathetic 
ganglia, the spinothalamic tracts, and so 
forth. 


SUMMARY 


1. An electronic instrument has been de- 
vised which audibly signals impedance dif- 
ferences in adjacent areas of the dog heart. 

2. The right bundle branch of the con- 
duction system in the dog can be concisely 
and safely identified. 

3. This method has proved inadequate in 
its present stage of development for precise 
location of the atrioventricular node and 
common bundle of His in the dog because 
of anatomic structure and depth limitations 
of the equipment. 


Surgery 
July 1961 


4. The principle described may have 
widespread applications in modern surgery. 


The authors are grateful to Medtronic In- 
corporated, Minneapolis, Minn., for their assistance 
in the development of the transistorized unit used 
in this study. 
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DISCUSSION 


Dr. M. A. Chiechi (Newark, N. J.). Our ap- 
proach to the problem of identifying the atrio- 
ventricular conduction system has been a different 
and, perhaps, a simpler one. The ideal method 
of detecting the atrioventricular conduction sys- 
tem should be simple and practical, should not 
produce ill effect or injury on. conduction path- 
ways, and should be short in duration with com- 
plete reversibility to normal sinus rhythm. At the 
University of Minnesota and at St. Michael’s Hos- 
pital, Newark, New Jersey, we have successfully 
detected the atrioventricular node and bundle of 
the dog by means of pin-point cooling. The instru- 
ment is a stainless steel probe about 20 cm. in 
length and 3 mm. in internal diameter. The tip is 
sealed and polished smooth. Through a sidearm 
arrangement, a refrigerant solution, Freon 114, 
circulates into the probe and cools the tip down to 
4° C. After touching the area of the atrioventricu- 
lar conduction system for a period of about 5 to 7 
seconds, we obtained atrioventricular dissociation. 
This lasted only 10 to 15 seconds and promptly 
reverted to normal sinus rhythm. The conduction 
system was examined 4 weeks after the experi- 
ment in several dogs. The slide shows the normal 
appearance of the tissue with glycogen bunched in 
one of the poles of the cells, the nuclei containing 
chromatin, and no evidence of fibrosis. 

Dr. C. Walton Lillehei (Minneapolis, Minn.). 
I compliment Dr. Lepley and associates on a fine 
piece of work. The detection of the conduction 
pathways, even in the arrested heart, by their 
difference in electrical conductivity from adjacent 
myocardium is a brilliant solution to the problem 
of prevention of heart block. As Dr. Lepley well 
appreciated during the year he spent working 
with us, injury to the myocardial conduction sys- 
tem has heretofore been unavoidable in a certain 
percentage of patients with large ventricular de- 
fects. A general knowledge of the usual location 
of the main pathways is helpful, but in no way 
has it been a guarantee against their injury due 
to the variabilities encountered. Dr. Lepley has 
recently placed his apparatus at our disposal and 
we have tested it experimentally and are now 
utilizing it routinely in our patients. 

We have had considerable interest in the past 
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in finding a vital stain to outline these pathways. 
Iodine (Lugol’s solution) locally was effective, 
but caused permanent damage (Circulation Res. 
7: 753, 1959) and thus was of no clinical value. 
Fluorescein (with Wood’s lamp) was very promis- 
ing in the experimental laboratory and we utilized 
it clinically for a period about 18 months ago, 
but found that the tricuspid valve tissue and 
chordae fluoresced almost as well as the conduction 
tissue so that this lack of complete specificity made 
fluorescein less helpful than had been hoped. The 
discovery of a promising vital stain for this pur- 
pose still seems feasible. 

Dr. Chiechi has just described another effective 
approach which he developed last year while 
working with us, but local cold does have the 
distinct disadvantage that it will not work in the 
arrested heart. 

The concept of direct pacemaking via a myo- 
cardial electrode has been a significant advance 
in therapy especially for the two-thirds or three- 
fourths of patients who revert to sinus rhythm 
in the immediate days after corrective operations. 
However, even in this favorable group it should 
be remembered that the efficiency of the heart is 
impaired by at least 15 to 20 per cent even with 
an adequate ventricular rate due to asynchrony 
of atrial and ventricular contractions, and this 
can be an important factor in failure to survive 
in marginal patients (for example, those with very 
high pulmonary resistance). 

The prognosis, however, for patients who re- 
main in chronic block is more serious and it is 
here that the preventive methods will have their 
most important impact. 

We have had 21 patients who remained in 
chronic complete block after intracardiac opera- 
tions. All were treated initially with the electrical 
pacemaker for 3 to 4 weeks. In the follow-up 
period of 6 months to 412 years after removal of 
pacemaker stimulation, 12 remain essentially well, 
but 9 have died sudden late deaths. In this group, 
patients with ventricular defects and severe pul- 
monary hypertension or severe tetralogies have 
done less well than their counterparts with less 
severe anatomic lesions and less well than those 
with atrioventricularis communis without severe 
pulmonary hypertension. We believe that the for- 
mer patients remaining in chronic block should 
have a permanent pacemaker implanted. 

Derward Lepley, Jr. (closing). I wish to thank 
the discussers. We have modified our probe design 
innumerable times. Very recently, using a differ- 
ent design of a probe and a slightly different prin- 
ciple, we have been able to erase surface resist- 
ance or impedance and measure accurately to a 
depth of 3 mm. in in vitro studies. We have per- 
formed preliminary in vivo studies in the dog and 
if additional in vivo studies confirm our finding, 
I believe we will have an effective clinical tool. 
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Open intracardiac repair 


of the great vessels: 


11 cases 


leven severely cyanotic patients have 
been operated on for repair of transposition 
of the great vessels. Nine were infants in 
intractable congestive heart failure and 2 
were young children with profound disabil- 
ity. Three infants and 1 of the older chil- 
dren survived. One infant died later at home 
of apparently unrelated causes. The other 3 
patients are well. 

Associated lesions have been repaired, and 
the Senning*® operation, based on the early 
concepts of Albert, has been performed for 
the transposition (Fig. 1). Profound hypo- 
thermia induced with perfusion by a pump- 
oxygenator has allowed most of the proce- 
dure to be carried out during total circula- 
tory arrest. 


CASE REPORTS 


Some pertinent facts concerning the patients 
operated on are presented in Table I. Additional 
details concerning patients who survived operation 
illustrate the types of cases encountered (Table IT). 


Case 1. A l-year-old boy with cyanosis and a 
heart murmur noted at birth had failed to thrive 
and his motor development had been slow. Digi- 
talis had been given when he was 4 months of 
age and its use was continued. Cyanosis, fatigue, 
and dyspnea gradually increased over the next 
month with considerable limitation of activity. 

Examination showed the patient to be a thin 
boy, 28 inches long and weighing 14% pounds. 
Cyanosis was advanced and generalized. The heart 
was overactive. A harsh systolic murmur, grade 3 
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(on the basis of 1 to 6, in which 1 is the least 
and 6 the loudest murmur), was heard best in the 
left third and fourth intercostal spaces and trans- 
mitted to the apex. The edge of the liver was 
palpable 3 cm. below the costal margin. The lungs 
were clear and the peripheral arterial pulses were 
normal. 

The electrocardiogram showed a mean QRS 
axis of —170 degrees. There was evidence of atrial 
enlargement and overwork of the right ventricle. 
The left ventricular components were normal. A 
roentgenogram of the thorax showed evidence of 
cardiac enlargement with an increase of the pul- 
monary vascular markings. 


Case 2. A 3-month-old boy had had dyspnea 


on exertion and cyanosis since birth. These con- 


ditions had gradually increased in severity and a 
heart murmur had been described when he was 
2 months of age. 

On examination, the infant was found to be 
severely dyspneic and extremely ill. Moderate 
cyanosis of the fingers and toes was evident and 
rales were heard throughout both lungs. The 
heart was overactive with a loud holosystolic mur- 
mur, grade 4, heard best in the left third and 
fourth intercostal spaces and transmitted to the 
apex. An apical diastolic murmur was present. The 
edge of the liver was palpable at the costal margin 
and the femoral pulses were normal. The electro- 
cardiogram showed a mean QRS axis of +120 
degrees with evidence of overwork of the left ven- 
tricle. The right ventricular components were nor- 
mal. A roentgenogram of the thorax showed evi- 
dence of a large heart with increased vascular 
markings (Fig. 2). 

The patient was hospitalized and all usual anti- 
congestive measures were instituted. Despite a 
strict medical regimen of adequate doses of La- 
noxin and diuretics, the patient continued to be 
desperately ill in congestive heart failure. Angio- 
cardiography confirmed the clinical diagnosis of 
transposition of the great arteries with ventricular 
spetal defect (Fig. 3). 
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Table I. Intracardiac repair (including Senning operation) for complete 
transposition of great vessels 


Ventricular pressurest 
after repair (mm. Hg) 


Right Left 
Case | Age Associated ventricle ventricle 
No. | (years) defects* (systemic) | (pulmonary) Outcome Presumed cause of death 
1 Ventricular septal 80/10 50/10 Survived 
defect 
2 %2 Ventricular septal. 91/3 35/2 Survived — 
defect 
3 1349 Ventricular septal 82/4 50/8 Survived -- 
defect, patent 
ductus arteriosus 
+ 442 Ventricular septal 61/11 40/5 Died 12 hr. after Cardiac failure, right and 
defect operation left atrial pressure 23 mm. 
Hg with very low arterial 
pressure 
5 6 Atrial septal de- -- — Survived — 
fect 
6 4 Ventricular septal 56/15 60/10 Died 48 hr. after Irreducible pulmonary 
defect operation hypertension 
7 1542 Ventricular septal 80/? 105/? Died 8 hr. after Irreducible pulmonary E 
defect operation hypertension 
8 1649 Ventricular septal 80/? 45/? Died 4 hr. after Massive intra-abdominal 
defect, patent operation hemorrhage (questionable 
ductus arteriosus source) 
| 2 Patent ductus 77/11 65/7 Died 30 min. Low cardiac output (ques- 
arteriosus after operation _tionable hypovolemia, 
questionable cardiac 
failure) 
10 1%2 Ventricular septal 85/? 40/? Died 28 hr. after Respiratory insufficiency, 
defect operation pulmonary edema 
11 542 Ventricular septal 75/? 45/? Died 12 hr. after Low cardiac output (cardiac 


defect, patent 
ductus arteriosus 


operation 


failure), respiratory insuf- 
ficiency, pulmonary con- 
solidation 


*Two patients (Cases 2 and 10) also had large persistent emptying of the left superior vena cava into the coronary sinus. 
Five patients had a probe-patent foramen ovale. 


+All patients except one (Case 5) had equal pressures in the right and left ventricles before repair. 


Table II. Hemodynamic data in transposition of great vessels* 


Ces Oxygen saturation (Yo) Pressures (mm. Hg) 
No. Mixed venous | Right atrium | Right ventricle | Brachial artery | Right ventricle | Left ventricle 
1 35 35 50 50 82/4 80/6 
2 33 28 42 50 90/6 75/2 
3 33 34 36 47 90/9 90/6 
5 49 60 68 68 72/10 31/8 


*Dye-dilution curves in all cases showed dissociation of pulmonary and systemic circulations. 
demonstrated transposition of the great vessels in all patients. 
except one (Case 5). 


Selective angiocardiograms 


Ventricular septal defect was demonstrated in all patients 
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Fig. 1. Diagrammatic representation of surgical 
transposition of venous return (Senning operation) 
which corrects the circulatory abnormality in 
cases of complete transposition of the great vessels. 
1, The preoperative status. Pulmonary veins (P.V.) 
drain into left atrium (ZL.A.) and mitral valve. 
The inferior vena cava (I.V.C.) and superior vena 
cava (not shown) drain into right atrium (R.A.) 
and tricuspid valve. Points of incision into left 
atrium, right atrium, and atrial septum are indi- 
cated. 2, Atrial septum (a) will be sutured anterior 
to left pulmonary vein ostia (a’), and posterior 
flap of free wall of right atrium (b) will be su- 
tured to anterior septal remnant (b’). 3, This has 
been accomplished in part and 4, completely. Sys- 
temic venous blood (vertical hatching) now drains 
into an atrium connected to mitral valve. This 
blood now goes to left ventricle and pulmonary 
artery. The right anterior wall of left atrium (c’) 
is sutured to anterior flap of free wall of right 
atrium (c) to complete formation of an atrium 
draining pulmonary venous blood (horizontal 
hatching) to tricuspid valve. This blood goes then 
to right ventricle and aorta. 


Case 3. A full-term infant, born after an un- 
eventful pregnancy, was examined at the Mayo 
Clinic when he was 3 months of age. Cyanosis 
and a heart murmur had been discovered at birth. 
Cardiac failure had developed when he was 5 
days of age and the patient had been treated 
with Lanoxin and a low sodium diet. Clinically, 
he improved, but the cyanosis continued. At 3 
months of age, he weighed 11 pounds, which 
represented a 2%-pound gain in weight since 
birth. 

Examination showed moderate generalized cya- 
nosis. The heart was quiet with a soft grade 2 
systolic murmur heard over the lower left sterna! 
border. No diastolic murmurs were heard. The 
lungs were clear and the edge of the liver was 
palpable 2 cm. below the costal margin. 
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During the next 7 months the cyanosis in- 
creased gradually with mild clubbing of the fingers 
and toes. Fatigue and dyspnea with exertion in- 
creased. Gain in weight was slow, and motor de- 
velopment was retarded. During this time the in- 
fant had 2 severe attacks of bronchitis. At 1 year 
of age, he was inactive; he rarely rolled over and 
was unable to sit alone. A roentgenogram of the 
thorax taken at that time showed evidence of car- 
diac enlargement with an increase in pulmonary 
vascular markings. The electrocardiogram showed 
a mean ORS axis to the right, atrial enlargement, 
overwork of the right ventricle, and a normal left 
ventricle. The hemoglobin concentration measured 
18.6 Gm. 

The clinical impression was that of transposi- 
tion of the great vessels with ventricular septal 
defect. 

Case 5. On first examination at the Mayo 
Clinic, a 3-year-old child had a history of cya- 
nosis at birth and a heart murmur first docu- 
mented when he was | year of age. The cyanosis 
had increased gradually and muscular weakness 
and motor retardation were so severe that the pa- 
tient, although 3 years of age, had not walked. 

Examination showed him to be a severely cya- 
notic, small 3-year-old child who was 351% inches 
tall and weighed 29 pounds. A grade 1 soft systolic 
murmur was heard in the third left intercostal 
space. The edge of the liver was palpable at the 
costal margin and the lungs were clear. 

A roentgenogram of the thorax showed evi- 
dence of a large heart with increased pulmonary 
vascular markings. The electrocardiogram showed 
a mean ORS axis of —170 degrees with evidence 
of overwork of the right ventricle and depressed 
left ventricular factors (Fig. 4). 

The clinical diagnosis was transposition of the 
great vessels and this was confirmed by selective 
angiocardiography into the right ventricle (Fig. 
5). 

The patient’s activity increased somewhat, but 
the cyanosis increased with clubbing and by 6 
years of age the child was able to walk only a 
block without extreme fatigue. 


TECHNIQUE OF OPERATION 


The technique and management of anes- 
thesia were essentially those described by 
Dawson and associates? for children who 
undergo open-heart operations. Anesthesia 
was induced by inhalation and induction 
was characteristically prolonged by 2 factors, 
(1) the relative isolation of central blood 
volume that results from the circulatory 
pattern in transposition, and (2) the de- 
crease in cerebral blood flow secondary to 
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polycythemia* which usually is present in 
these patients. With the surgical correction 
of the cardiac defect, normal recovery from 
anesthesia occurred. 

A’ median sternotomy incision was made. 
The right common iliac artery, exposed ex- 
traperitoneally, was cannulated for arterial 
input. A Tygon tube with a three-sixteenth 
inch internal diameter was placed in the 
right atrium through the auricular append- 
age for venous drainage. Perfusion was 
established at a flow rate of approximately 
2.5 L. per minute per square meter. When a 
patent ductus arteriosus was present it was li- 
gated. Body temperature was reduced to ap- 
proximately 12° C. (53.6° F.) by perfusion.° 
Total circulatory arrest was established and 
the aorta was cross-clamped. Systemic and 
pulmonary veins were transposed by Sen- 
ning’s technique (Fig. 1). The ventricular 
septal defect was repaired. In the first 9 
cases circulatory arrest lasted an average of 
58 minutes; in the last 2, 36 minutes. The 
venous cannula was placed in the left atrium 
through its appendage and perfusion was 
re-established. Warming by means of per- 
fusion returned the body temperature to 
approximately 37° C. (98.6° F.). Defibrilla- 
tion occurred spontaneously or was produced 
electrically. Perfusion was discontinued and 
decannulation was effected. 

Postperfusion and postoperative care were 
accomplished as for other sick cyanotic pa- 
tients with congenital heart disease.* * 


RESULTS 


The outcome for each patient operated on 
is indicated in Table I. In cases of death 
the presumed cause is indicated. 

Atrioventricular dissociation occurred in 
Case 3 only, and reverted to sinus rhythm 
in 48 hours. Technical failures in the Sen- 
ning repair were not identified. Neither ob- 
servation of pressures in the 2 venous sys- 
tems and in the atria during the operation 
nor examination at necropsy disclosed evi- 
dence that the repair had obstructed pul- 
monary or systemic venous return. Healing 
had been good after this complex procedure 
in the specimen from the patient in Case 1, 
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although the child had died at home 24% 
months after having been dismissed from the 
hospital. 

One patient (Case 8) died 4 hours after 
operation, probably as a result of massive 


Fig. 2. Roentgenogram of the thorax of a 3- 
month-old child. The heart is enlarged and pul- 
monary vascular markings are definitely increased. 
Note the absence of a clear-cut shadow of the 
main pulmonary artery. 


Fig. 3. Selective angiocardiogram into the right 
ventricle in a 3-month-old child, which demon- 
strates the origin of the aorta from the right ven- 
tricle. Medium has passed into the left ventricle 
through a ventricular septal defect and the pul- 
monary artery is seen arising from this chamber. 
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Fig. 4. Electrocardiogram of a 6-year-old child. 
Atrial enlargement is evident, and the tall R 
waves (33 mm.) in lead Vi; indicate right ven- 
tricular hypertrophy. The left ventricular com-: 
plexes are depressed. 


Fig. 5. Selective angiocardiogram into the right 
ventricle in a 6-year-old child, which demonstrates 
the origin of the aorta from the right ventricle. 
A ventricular septal defect is not visualized. 
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intraperitoneal and retroperitoneal hemor- 
rhages which developed after the surgical 
procedure. Although the source could not 
be demonstrated at necropsy, the point of 
cannulation of the common iliac artery is 
suspected. 

In 2 patients (Cases 4 and 11), high atrial 
pressure and low systemic arterial pressure 
indicated the presence of cardiac failure. 
Death seemed related, at least in part, to 
this condition in both babies. In Case 9, 
venous pressure was not measured after the 
patient’s chest was closed, and the cause of 
the subsequent low cardiac output cannot be 
identified. 

In 2 patients (Cases 10 and 11) respira- 
tory insufficiency was evident clinically. At 
necropsy pulmonary edema was demon- 
strated in Case 10 and hemorrhagic pulmo- 
nary congestion in Case 11. 

Surviving patients are pink and without 
evident neurological damage. The reduction 
in the size of the heart after operation in 1 
patient (Case 3) is shown in Fig. 6. 


COMMENT 


This experience indicates that complete 
repair is possible in the sick, small, cyanotic 
infant with transposition of the great vessels. 
It indicates also that many obstacles to sur- 
vival exist in these patients, and that addi- 
tional knowledge and refinements in tech- 
nique are necessary if a lower mortality rate 
is to be achieved. Some of these refinements 
have been made and have been incorporated 
into the present method of care of these 
babies at the time of this report. 

Preoperative evaluation. In cases of un- 
complicated ventricular septal defect, atrial 
septal defect, and patent ductus arteriosus, 
irreducible pulmonary hypertension and an 
inoperable state are thought to exist when 
the pulmonary-systemic flow ratio is 1 or 
less.* The same appears to be true in cases 
of transposition of the great vessels. 

The systolic pressure ratios of pulmonary 
ventricle to systemic ventricle were larger in 
2 patients (Cases 6 and 7) after operation 
than before, which indicates that before op- 
eration the pulmonary-systemic blood flow 
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ratio was less than 1. In Case 9, the 2- 
month-old baby showed only a small reduc- 
tion in systolic pressure ratio of pulmonary 
ventricle to systemic ventricle after repair. 

The pulmonary-systemic blood flow ratio 
in these infants must be assessed carefully in 
the preoperative period. If clear evidence of 
pulmonary plethora is noted on the roent- 
genogram of the thorax, operability is indi- 
cated. Otherwise, hemodynamic data must 
be obtained for calculation of pulmonary 
and systemic blood flow. 

Anesthesia. Induction of anesthesia with 
cyclopropane and its maintenance with Flu- 
othane have not caused discernible problems 
in the postoperative period and use of these 
agents is being continued. Use of muscle re- 
laxants during maintenance of anesthesia 
is avoided because of their possible dele- 
terious effect on ventilation in the _post- 
operative period. 

Knowledge of systemic venous pressure is 
essential during operation and the first 24 
hours thereafter. A plastic needle inserted 
percutaneously into the external jugular vein 
serves well for this purpose, but if this is 


not possible the needle must be inserted into. 


the femoral vein via the saphenous vein at 
the groin. 
Operation. It is now believed’ that circu- 
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latory arrest probably should not be pro- 
longed beyond 30 minutes. Thus, in recent 
cases only a part of the procedure has been 
carried out during total circulatory arrest. 
Left atrial and pulmonary venous distention 
occurred in 1 patient during cooling. This 
led to the practice of opening the left atrium 
as cooling begins. An open ductus arteriosus 
must always be suspected and sought. Su- 
ture lines must be made with great preci- 
sion, for even moderate bleeding after repair 
is highly disadvantageous in these sick small 
babies. 

As soon as the field is exposed, the ductus 
arteriosus is isolated. It is found in the same 
general area as in patients without trans- 
position. If patent, a ligature is placed 
around it and tied immediately after per- 
fusion is started. 

After cannulation, perfusion at 2.5 L. per 
minute per square meter is begun and cool- 
ing is started in the conservative manner 
previously described.° The vertical incision 
into the right anterior aspect of the left 
atrium is made (Fig. 7) and the intracardiac 
sucker is inserted for decompression of that 
chamber during cooling. 

Body temperature is reduced to approxi- 
mately 12° C. The level is judged by mid- 
esophageal temperature and by the tempera- 


Fig. 6. Case 3. a, Before operation. b, Four months after operation. The reduction 


in heart size is evident. 
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ture of mixed venous blood. The aorta is 
cross-clamped. Perfusion is discontinued, the 
baby exsanguinated into the pump-oxygena- 
tor, and the right atrial cannula is removed. 
The right ventricle is opened by an inci- 
sion paralleling the major coronary artery 
branches. The ventricular septal defect is 
repaired with interrupted silk sutures. The 
incision is made into the right atrium (Fig. 
7), and the atrial septum is incised (Figs. 


Rt. atrium 


atrium 


Fig. 7. Vertical incisions in right anterior aspect 
of left atrium and in right atrium. Insert shows 
incisions diagrammatically. 


Rt. atrium 
/ Lt. atrium 
Lt. pulmonary- 


Fig. 9. Exposure of structures within left and 
right atria. a, Posterior septal flap; a’, left atrial 
wall; b, posterior right atrial flap; and 6’, anterior 
septal remnant. 
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8 and 9) and resutured anterior to the ori- 
fices of the left pulmonary veins (Fig. 10). 
The posterior flap of right atrium is sutured 
anteriorly to the septal remnant (Fig. 11), 
completing the creation of a systemic venous 
atrium communicating with the mitral valve 
and left auricular appendage. This can all 
be accomplished in approximately 30 min- 
utes. The venous cannula is inserted through 
the left auricular appendage and perfusion 


Rt. atrium 
4 Lt. atrium 


Fig. 8. Retraction exposes interior of right atrium, 
tricuspid valve, and coronary sinus. A long incision 
is made in atrial septum, anterior to fossa ovalis. 


Rt. atrium 
Ld. atrium 


Fig. 10. Posterior septal flap (a) is sutured to 
left atrial wall (a’) just anterior to orifices of left 
pulmonary veins. This begins the construction of 
the pulmonary venous atrium. 
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Fig. 11. Posterior right atrial flap (b) is sutured 
to anterior septal remnant (b’), creating a systemic 
and coronary venous atrium draining blood to mi- 
tral valve. At each end of this suture line flaps 
must be aligned so that there is no narrowing of 
caval orifices. Since this chamber is now complete, 
perfusion can again be established. Venous can- 
nulation is through /Jeft auricular appendage. 


is begun at approximately 1 L. per minute 
per square meter with the perfusate at 18° 
C. The right ventricle is closed. Completion 
of the pulmonary venous chamber which 
communicates with the tricuspid valve and 
right auricular appendage is accomplished 
(Fig. 12). The intracardiac sucker is in- 
serted into the right auricular appendage. 
The aortic clamp is removed. In the latter 
stages of the construction of the pulmonary 
venous chamber, flow rate is increased to 2.5 
L. per minute per square meter and warm- 
ing is begun. When the body temperature 
reaches 36° to 37° C., perfusion is discon- 
tinued. 

Supportive and postoperative care. The 
need for administration of blood is deter- 
mined by the venous and arterial pressures. 
Evidence for metabolic acidosis is sought 
and treatment is instituted. Digitalis is em- 
ployed in therapeutic doses when indicated. 
In spite of these efforts, some infants may 
not survive because of cardiac failure (Cases 
4 and 11). Respiratory complications were 
prominent in 2 patients (Cases 10 and 11); 
they pose a serious therapeutic challenge. 
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pulmonary 


Fig. 12. The completion of the repair by suturing 
the anterior right atrial flap (c) to the posterior 
left atrial flap (c’). Pulmonary venous blood now 
drains to the tricuspid valve. This suture line in 
the thin-walled atria must be accurately placed 
throughout in order to prevent troublesome 
hemorrhage. 


SUMMARY 


An experience with corrective surgical 
procedures for 11 patients with transposi- 
tion of the great vessels is presented and the 
methods employed are described. Four pa- 
tients survived, although 1 died 2% months 
after dismissal from hospital of apparently 
unrelated interstitial pneumonia. The results 
in the other 3 patients appear to be excel- 
lent. A reduction of operative mortality rate 
demands additional knowledge and_ ex- 
perience. When these are acquired, it is pos- 
sible that the procedure can be accomplished 
in such critically ill infants at a more ac- 
ceptable risk. 
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DISCUSSION 


Dr. Denton A. Cooley (Houston, Texas). Dr. 
Kirklin’s presentation is significant since survival 
after total repair of complete transposition of the 
great vessels has been so rare. We have attempted 
to use the Senning technique 3 times without a 
survivor. Associated defects were present in each 
of the patients. Each had ventricular septal de- 
fects, one had a reversed shunt through a patent 
ductus arteriosus, and one 19-year-old boy had 
tight valvular pulmonic stenosis. 


Surgery 
July 1961 


Again this year I would like to report our re- 
sults with palliative therapy of transposition by 
means of the Blalock-Hanlon technique of creation 
of an atrial septal defect. During the past 6 years 
we have used this method in 45 patients with 30 
survivors. In the recent group of 28 patients op- 
erated upon in a 2-year period, 23, or 82 per cent, 
survived operation. More than 40 per cent of our 
patients were less than 3 months of age. The im- 
provement in the infants is particularly impressive, 
and we are satisfied with these results. Perhaps a 
two-stage procedure may ultimately be feasible in 
such patients. It would consist of creation of an 
atrial septal defect during infancy and subsequent 
total correction by the Senning procedure after 
the child had reached 3 to 5 years of age. 

Dr. John W. Kirklin (closing). I think Dr. 
Cooley has raised a very important point, namely, 
whether one should perform an initial palliative 
operation in some of the infants prior to complete 
repair. I think it is extremely important to empha- 
size, as he has done, the fact that creation of an 
atrial septal defect does not compromise the pos- 
sibility of performing a Senning procedure later. 
I suppose it will take considerably more time to 
know whether, in a 3-month-old baby for exam- 
ple, a preliminary palliative procedure or a pri- 
mary complete repair should be carried out. I sup- 
pose it will depend ultimately on the risks in- 


. volved in the 2 procedures. 
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The surgical treatment of mitral insufhiciency 
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Saint Vincent’s Hospital, and The Los Angeles 
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n Nov. 8, 1957, Gott and associates* 
presented a method for the open-heart cor- 
rection of mitral insufficiency. This was an 
important milestone in the surgical treat- 
ment of rheumatic valvular heart disease and 
since then there have been other reports 
concerning open-heart operations for mitral 
insufficiency. 

Thirty-four patients have been operated 
upon at The Saint Vincent’s Hospital for 
mitral insufficiency or combined mitral ste- 
nosis and insufficiency in the past 2% years. 


TECHNIQUE 


The first 3 patients were operated upon 
by means of a right anterolateral approach. 
In the remaining 31 cases a median sternot- 
omy incision was employed. Prior to the 
institution of cardiopulmonary bypass, the 
groove between the left and right atrium 
was dissected for a distance of approxi- 
mately 1 cm. After bypass was begun, but 
before the left atrium was opened, a vent 
was placed in the left ventricle. This was 
accomplished by insertion of a trocar into 
the left ventricle near the apex of the heart. 
Care was taken to avoid cutting the de- 
scending branch of the left coronary artery. 
The trocar was removed and the vent was 
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and combined mitral 
stenosis and 
insufficiency with use of 


the heart-lung machine 


inserted into the ventricle. This vent pre- 
vented air from being ejected from the left 
ventricle into the aorta during ventricular 
contractions. It was kept in place until the 
mitral valve had been repaired and the left 
atrial incision had been closed. Before’ it 
was removed and the incision in the left 
ventricle closed, the apex of the heart was 
elevated and all the air from the left atrium 
and the left ventricle allowed to escape. 
After insertion of the left ventricular vent, 
the left atrium was opened posterior to the 
right atrium. The right atrium and anterior 
portion of the left atrium were retracted 
with a small Deaver retractor (Fig. 1). If 
there was fusion of the commissures, in- 
terrupted sutures of No. 2-0 silk were placed 
in the leaflets of the mitral valve. Traction 
was placed on these in order to better vis- 
ualize the chordae tendineae while the com- 
missurotomy was being performed. 

Five types of insufficient valves have been 
encountered during repair. In the first type 
there was a stenosis of the anterolateral 
commissure with insufficiency at the pos- 
teromedial commissure (Fig. 2). In this con- 
dition an anterolateral commissurotomy was 
performed and the insufficiency at the pos- 
teromedial commissure corrected. A second 
type seen was a variation of this condition 
and consisted of a fusion of both the antero- 
lateral and posteromedial commissures with 
insufficiency at or near the center of the 
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Fig. 1. Median sternotomy approach to the left 
atrium. The groove between the atria was dis- 
sected for 1 to 2 cm. Left atrium was opened 
posterior to the right atrium. Insufficiency was 
corrected after anterolateral commissurotomy had 
been performed. 


mitral orifice. The opening in this valve 
prior to valvoplasty was usually about 1 to 
1 fingerbreadths wide. At times, with gen- 
tle or moderate pressure exerted by 1 or 2 
fingers, the anterolateral or posteromedial 
area of fusion split in the anatomic position. 
If slight to moderate pressure did not pro- 
duce a split, the commissure was opened 
with the use of a knife. Care was taken to 
avoid cutting the chordae tendineae. After 
the performance of the commissurotomy the 
function of the mitral valve could be evalu- 
ated by observation of the function of the 
heart as it beat in a dry field. Any insuffi- 
ciency present could usually be corrected by 
foreshortening the annulus of the mural 
leaflet and preserving all of the annulus of 
the aortic leaflet. Usually a figure-of-eight 
suture of No. 2 silk was taken from the 
apex of the annulus at the posteromedial 
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commissure to an area of the mural annulus 
about one-fourth of the distance from the 
apex of the annulus at the posteromedial 
commissure (Fig. 3). This suture could 
then be pulled tight and the function of the 
valve again assessed. Usually this was 
sufficient to correct the insufficiency and a 
second, similar reinforcing suture was taken 
at approximately the same area. The 2 su- 
tures were then tied. The incision in the left 
atrium was closed with 2 rows of continuous 
No. 2-0 silk sutures. The left vent was re- 
moved and the incision in the left ventricle 
closed with interrupted figure-of-eight su- 
tures of No. 2 silk. Case 1 concerns a patient 
with the second type of insufficient valve. 


Case 1. A 46-year-old man had arthritis and 
chorea at the age of 9 years. He had been re- 
jected from military service in 1942 because of a 
heart murmur. In 1953 there was an embolus to 
one kidney. Rapid palpitation had been present for 
6 years before digitalis therapy was begun in 1953. 
In 1958 he had suffered a bout of severe chest 
pain with difficulty in breathing and 10 days 
later he noticed numbness of his left leg and foot 
which persisted for several hours. In 1958, a 
closed-heart operation was performed at another 
hospital. At the time of operation it was noted 
that the valve orifice was three-quarters of an 
inch in length and there was calcium in the 
aortic leaflet of the mitral valve. There was 3+ 
regurgitation through the mitral valve. The sur- 
geon did not perform a commissurotomy for fear 
of increasing the insufficiency. The patient had 
no further emboli that could be detected until 
Feb. 23, 1960, at which time he had a pulmonary 
embolus and congestive failure. He was hospital- 
ized until March 8, 1960, and lost 15 pounds 
while on a program of diuretic therapy. Anti- 
coagulant therapy was begun. He remained fairly 
well while on a strict medical regimen which in- 
cluded a low-salt diet and administration of anti- 
coagulants and digitalis. Prior to the present op- 
eration the patient’s blood pressure was 100/58. 
There was enlargement of the heart with the 
apex at the left fifth intercostal space at the 
anterior axillary line. A grade III apical systolic 
murmur and a grade I apical diastolic murmur 
were present. There was an opening snap and an 
accentuated first mitral sound. The lungs were 
clear to percussion and auscultation. There were 
no rales. The liver was not palpable and no leg 
edema or ascites were present. On July 13, 1960. 
by means of a median sternotomy incision and 
open-heart operation with the heart-lung machine, 
the mitral valve was repaired. Although pressures 
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were not measured at the time of operation it was 
believed that the left atrial pressure was nearly the 
same as the pulmonary artery pressure, approxi- 
mately 60 mm. Hg. Examination of the mitral valve 
showed that there was an opening in the center 
approximately 11 fingerbreadths wide. There was 
pronounced calcification of the posteromedial com- 
missure. The anterolateral commissure was fused 
but the fusion was of a fibrous nature. There were 
pronounced rolled edges noted at the mural leaflet 
of the mitral valve. The aortic leaflet appeared to 
be fairly normal. With finger-fracture technique 
the posteromedial commissure was separated quite 
easily out to the annulus. However, in order to 
open the anterolateral commissure it was neces- 
sary to use a knife (Fig. 3). The anterolateral 
portion of the mitral valve was then competent, 
but there was still pronounced insufficiency at 
the posteromedial commissure. This was the same 
as it had been prior to the commissurotomy. The 
opening in the mitral valve was now 31 finger- 
breadths. The medial one-fifth of the mural an- 
nulus was foreshortened, as seen in Fig. 3. After 
closure of all of the incisions the patient was 
taken off cardiopulmonary: bypass and it was 
noted that the pulmonary artery pressure was 
then only about one-third of the aortic pressure 
and the left atrial pressure appeared to be about 
one-third of what it had been prior to cardiopul- 
monary: bypass. The patient made an uneventful 
recovery and 6 months after the operation he was 
able to play 18 holes of golf. No murmur was 
found on physical examination. The man was no 
longer on a salt-free diet and was maintained only 
on digitalis. The preoperative and postoperative 
roentgenograms can be seen in Fig. 4. There has 
been diminution in the size of the heart as well 


as in the size of the left atrial appendage. 


Fig. 2. Type 1. Insufficiency with stenosis of 
anterolateral commissure and insufficiency of pos- 
teroniedial commissure. Commissurotomy was per- 
formed at anterolateral commissure and insuffi- 
ciency corrected at posteromedial commissure. 
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In the third type of incompetent valve 
there was gross dilatation of the mitral an- 
nulus. No other abnormality was noted and 
except for the dilatation of the annulus the 
valve appeared quite normal. Occasionally 
there was slight thickening of the valve and 
as in the first type the insufficiency was usu- 
ally present at the posteromedial commis- 
sure. The annulus in these patients was 
sometimes as large as 4 or 5 fingerbreadths. 
The correction of the insufficiency was es- 
sentially the same as for the first type and 
consisted of shortening the mural annulus at 
the posteromedial commissure with heavy 
sutures. It was also sometimes necessary to 
decrease slightly the size of the annulus of 
the mural leaflet at the anterolateral com- 
missure with a figure-of-eight heavy silk 


suture (Fig. 5). 


Case 2. A 42-year-old farmer was 6 feet, 4 
inches tall and weighed 220 pounds. He had 
suffered frequent sore throats between the ages 
of 10 and 11. There was no history of rheumatic 
fever. A heart murmur had been first discovered 
when he was 26 years old. He felt well until 2 
years prior to operation, at which time he de- 
veloped episodes of atrial fibrillation. He was 
given digitalis, a low-salt diet, and quinidine ther- 
apy. During this period of time he was extremely 
fatigued and unable to work. He noticed exer- 
tional dyspnea, but there was no orthopnea, he- 
moptysis, or edema. At the time of physical ex- 


Fig. 3. Type 2. Stenosis caused by fusion of both 
commissures. Insufficiency was present at the cen- 
ter of the valve. Commissurotomy was performed 
at both commissures and insufficiency corrected at 
posteromedial commissure. 
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Fig. 4. Case 1. Preoperative chest roentgenogram 
and film taken 3 months after operation. 


amination blood pressure was 140/70. The heart 
was slightly enlarged. There was a grade III to 
IV _ systolic murmur heard at the apex and re- 
ferred into the axilla. Atrial fibrillation was pres- 
ent and no diastolic murmurs could be _ heard. 
Operation was performed on June 28, 1960. There 
was marked dilatation of the mitral annulus, 
which was at least 9 to 10 cm. in diameter. The 
aortic and mural leaflets appeared to be slightly 
thickened but of fairly normal consistency. The 
insufficiency was located at the posteromedial por- 
tion of the valve and was completely corrected by 
closure of only the posteromedial 4 cm. of the 
mural annulus. The aortic leaflet of the mitral 
valve then coapted perfectly against the mural 
leaflet. There was no evidence of mitral insuf- 
ficiency. The mitral annulus was still 3 finger- 
breadths in size. The patient made an uneventful 
recovery and 5 months after operation he was 
back at work with no detectable heart murmur. 


In the fourth type of mitral insufficiency 
the abnormality was due to ruptured chor- 
dae tendineae with secondary dilatation of 
the annulus. In this lesion the portion of 
the leaflet of the mitral valve with the torn 
chordae tendineae was sutured with inter- 
rupted figure-of-eight sutures of No. 3-0 silk 
to the nearer papillary muscle. It was then 
usually necessary to narrow the annulus at 
the posteromedial commissure. 


Case 3. A 50-year-old man had noticed short- 
ness of breath on exertion for the previous 3 years. 
He had suffered 3 bouts of congestive failure and 
had been treated with bed rest and digitalis. He 
had noticed leg edema on occasion, but there was 
no history of orthopnea or hemoptysis. He tired 
quite easily. Physical examination showed a blood 
pressure of 120/80. The cardiac apex was at the 
left sixth intercostal space at the anterior axillary 
line, with a moderate left apical thrust and a 
grade IV apical systolic murmur referred into the 
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axilla. This murmur was also referred into the 
right second intercostal space and over the entire 
precordium. The second pulmonary sound did not 
appear to be accentuated. The liver was palpable 
2 fingerbreadths below the costal margin. There 
was no edema or ascites. On June 29, 1960, an 
operation was performed. The pulmonary artery 
was enlarged and the pulmonary artery pressure 
was noted to be approximately two-thirds of the 
aortic pressure. There was a grade IV to V sys- 
tolic thrill over the left atrium and the left atrial 
pressure was approximately 35 or 40 mm. Hg. 
The left atrium was opened and the mitral an- 
nulus was found to be tremendous. It readily ad- 
mitted 5 fingers. Three chordae tendineae at the 
medial portion of the aortic leaflet were found 
to be torn and were thought to be the primary 
source of the mitral insufficiency with secondary 
dilatation of the annulus. With 4 interrupted 
figure-of-eight sutures of No. 3-0 silk, the area 
of the aortic leaflet of the mitral valve where the 
chordae tendineae had been torn was sutured to 
the anterolateral papillary muscle. After this 2 
interrupted figure-of-eight sutures of No. 2 silk 
were placed at the posteromedial commissure to 
exclude one-third of the mural annulus. This al- 
lowed betier approximation of the mural and 
aortic leaflet during systole. However, there was 
still a slight amount of insufficiency present. This 
was corrected by placement of a figure-of-eight 
suture of No. 2-0 silk at the anterolateral com- 
missure (Fig. 6). The patient had a complicated 
postoperative course and it was necessary to per- 
form a tracheotomy. He gradually became better 
and was back at work 6 months after operation 
with no murmur audible. A section of lung re- 
moved at the time of operation showed severe 
pulmonary arteriosclerosis and hemosiderosis. Fig. 
7 shows the improvement in the heart seen roent- 
genographically 3 months after operation. 


The fifth type of valve with mitral in- 
sufficiency followed closed mitral commis- 
surotomy. The insufficiency was usually due 
to a cut in the mural leaflet near the antero- 
lateral commissure. 


Case 4. In 1951 a 45-year-old woman _ had 
first noticed palpitation and a diagnosis of mitral 
stenosis was made. There was no history of rheu- 
matic fever. Digitalis therapy was instituted in 
1952 and at that time she had a cough, leg edema, 
and exertional dyspnea. An opening snap and 
a loud first sound as well as a systolic murmu! 
were heard. Mitral commissurotomy was pel 
formed in 1954. She made an uneventful post- 
operative recovery but immediately after opera 
tion a loud systolic murmur was heard. In the 
year prior to the open-heart operation she had 
noted progressive dysnea which was pronounced 
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on walking one-half flight of stairs or walking 
up a slight incline. There was no history of 
orthopnea, paroxysmal nocturnal dyspnea, or 
hemoptysis. On physical examination the blood 
pressure was 120/80. Rapid atrial fibrillation was 
present. The area of cardiac dullness was noted at 
the left fifth intercostal space midway between 
the midclavicular line and the anterior axillary 
line. There was a grade V apical systolic murmur 
referred to the axilla and back. P: was 3 times 
louder than A». The liver was not palpable. 
There was 2+ pitting leg edema. The lungs were 
clear to percussion and auscultation and no rales 
were present. Right-heart catheterization was per- 
formed. The right ventricular pressure was 60/7 
simultaneously with a brachial artery pressure of 
88/50. After 7 minutes of leg exercise the pul- 
monary artery pressure rose to 104/38. The pa- 
tient was operated upon on July 21, 1960. There 
was a grade V systolic thrill over the left atrium 
and the left atrial pressure appeared to be at 
least 3 or 4 times normal. The pulmonary artery 
pressure was felt to be equal to the aortic pres- 
sure. On opening the left atrium it was apparent 
that at the previous operation the mural leaflet 
of the mitral valve had been cut approximately 
4 mm. from the anterolateral commissure and the 
central 4 chordae tendineae of the aortic leaflet 
were torn. With 2 interrupted figure-of-eight su- 
tures of No. 2-0 silk, the portion of the aortic 
leaflet of the mitral valve where the chordae 
tendineae were torn was sutured to the antero- 
lateral papillary muscle. The previously made cut 
in the mural leaflet was also closed with 2 inter- 
rupted figure-of-eight sutures of No. 2-0 silk. The 
posteromedial aspect of the annulus was closed 


Fig. 5. Type 3. Insufficiency with: only annular 
dilatation present. This type was usually corrected 
by shortening the annulus of mural leaflet at pos- 
teromedial commissure. Secondary similar suture 
may be necessary at anterolateral commissure. 
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and the mitral annulus now easily admitted 2 
fingers (Fig. 8). The opening had been 3% 
fingerbreadths wide prior to annuloplasty. The 
patient made an uneventful postoperative recov- 
ery. At present she is engaging in full activity. 
There is a grade I apical systolic murmur present 
and the heart has decreased in size. 


COMMENT 


In 1957, Lillehei and his co-workers? re- 
ported the cases of 5 patients operated upon 
with a right posterolateral incision through 
the bed of the fifth rib. The left atrium was 
opened posterior to the right atrium. All 5 
of their patients survived the procedure and 
were much improved. In 4 patients mitral 
annuloplasty was performed. In the fifth pa- 
tient an Ivalon prosthesis was sutured in 
place under the mural cusp in order to cor- 
rect the insufficiency. In 1957, Merendino 
and Bruce® reported their results with the 
surgical treatment of mitral insufficiency 
by means of the open-heart technique in 
2 patients. In 1958, Effler and associates* 
reported their technique of open-heart 
correction of mitral insufficiency. Their 
approach was somewhat different than 
Lillehei’s in that the mitral valve was 
approached through a right anterolateral 
incision through the fourth intercostal space. 
The entry into the left atrium was then ac- 


Ruptured hordae 
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Fig. 6. Type 4. Mitral insufficiency due to torn 
chordae tendineae of the aortic leaflet repaired 
by suturing the involved area of the aortic leaflet 
to the anterolateral papillary muscle and then 
decreasing the size of the annulus. 
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Fig. 7. Case 3. Preoperative roentgenogram and 
postoperative roentgenogram taken 4 months later 
which shows decrease in heart size. 


Fig. 8. Type 5. Insufficiency after previous mitral 
commissurotomy. In Case 4 the mitral insuffi- 
ciency was due to torn chordae tendineae of the 
aortic leaflet, incision in mural leaflet, and sec- 
ondary annular dilatation. All 3 defects were 
repaired. 


Fig. 9. Hypodynamic heart in patient with severe 
mitral insufficiency and secondary tricuspid in- 


sufficiency with pulsating liver. Patient died 24 . 


hours after operation despite complete repair of 
mitral and tricuspid insufficiency. 
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complished either through the left atrium 
posterior to the right atrium on the right 
side or through a transsternal incision with 
the approach to the mitral valve made 
through the left atrial appendage. In still 
other cases they approached the mitral valve 
through the rigiit anterior thoracotomy in- 
cision and then opened the right atrium 
and.entered the left atrium through an in- 
cision in the foramen ovale. Effler stressed 
the importance of left-heart decompression 
through the left atrium. It was his belief 
that the left atrial vent prevented pulmo- 
nary damage by preventing high left-heart 
pressures which would be transmitted to the 
pulmonary vascular bed. The indwelling 
cannula in the left atrium also permitted the 
withdrawal of air from this chamber. In 
1959, Helmsworth and his group* described 
the use of a left ventricular vent along with 
the use of a left atrial vent. Effler believed 
that the best treatment for ruptured chordae 
tendineae consisted of the approximation of 
the leaflets over the involved area by direct 
suture and buttressing of the atrial side by 
a crescent-shaped Ivalon prosthesis. For mi- 
tral insufficiency due to dilatation of the 
annulus it was his opinion that plication of 
the annulus over the anterolateral commis- 
sure would offer the best palliation. In 1958 
Effler and co-workers were not enthusiastic 
about the surgical treatment of mitral insuf- 
ficiency and believed that the ideal operation 
would consist of prosthetic valve replacement 
which would have to await the development 
of a satisfactory artificial valve. In 1958 
Kay and his colleagues* described their 
method of correcting mitral insufficiency. 
They used the right anterolateral approach. 
They considered their results to be exceed- 
ingly satisfactory with methods similar to 
those of Lillehei. In 1961 Nichols and asso- 
ciates® described their open-heart technique 
for the surgical correction of mitral insufh- 
ciency. This was similar to other methods 
described, but the mitral valve was ap- 
proached through a left posterolateral tho- 
racotomy in the fifth intercostal space. 
The present paper reports the cases of 34 
patients operated upon for mitral insuffi- 
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ciency or combined mitral insufficiency and 
mitral stenosis. Although authors have pre- 
ferred other approaches, the median ster- 
notomy incision has been found to give ade- 
quate exposure. In order to avoid aortic 
air embolism a vent is placed in the left ven- 
tricle near the apex. This is removed as the 
last step in the procedure just prior to dis- 
continuation of bypass. The first type of 
lesion discussed in this paper includes ste- 
nosis of the anterolateral commissure and 
insufficiency of the posteromedial commis- 
sure. In the second type there is associated 
stenosis of the posteromedial commissure 
with insufficiency at the center of the valve. 
A third type of valve was seen with gross 
dilatation of the annulus and no other abnor- 
mality. In the fourth type there were rup- 
tured chordae tendineae with secondary 
dilatation of the annulus. In the fifth type 
the mitral insufficiency followed attempted 
closed-heart correction of mitral stenosis. 

In 34 patients operated upon by the open- 
heart technique the most common method 
of treating the insufficiency consisted of de- 
creasing the posteromedial portion of the 
annulus of the mural leaflet. The use of a 
plastic material has not been found neces- 
sary in any of these cases. Seven of the pa- 
tients had undergone previous mitral com- 
missurotomies and there have been 5 deaths 
in the entire series. There have been only 
2 deaths among the last 28 patients treated. 
These deaths were usually in patients with 
tremendous hearts in whom there was not 
only a very hypodynamic heart associated 
with the mitral valve disease, but also sec- 
ondary tricuspid insufficiency with chronic 
congestive failure and an enlarged, pulsating 


liver (Fig. 9). 
SUMMARY 


The surgical treatment of mitral insuffi- 
ciency has been described. The over-all mor- 
tality rate was 15 per cent. The results with 
this method have been most encouraging. 
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DISCUSSION 


Dr. George H. A. Clowes, Jr. (Cleveland, 
Ohio). We have operated upon 30 patients with 
mitral insufficiency now, 20 from the left side, 
10 from the right side, and none through the 
midsternal incision. I think Dr. Kay has said the 
important things. After one has done whatever is 
necessary to free up the major valve leaflet, pli- 
cation of the annulus is the most important fea- 
ture of the repair. Our maneuvers have included 
removal of calcium from the leaflet, and repair 
of chordae tendineae that have been either fused 
or broken, but we have not put any prostheses 
into the mitral valve. Satisfactory results have 
been obtained in 65 to 70 per cent of the patients. 

Dr. Kay mentioned another important matter. 
People who have had long-standing mitral valvu- 
lar disease may have seriously damaged lungs with 
hypertrophied vessels secondary to long-standing 
pulmonary hypertension. If particular attention is 
not given to the respiratory activity immediately 
after the operation, inadequate gas exchange may 
take place. If pneumonitis is superimposed, the 
consequences of hypoxia or respiratory acidosis 
may be fatal. Under these conditions we have 
seen remarkable improvement brought about by 
the use of cortisone in addition to the usual steps 
taken to keep the lungs clear and aerating. We do 
not recommend the general use of corticoids, 
but they may be of great value in limiting post- 
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operative pulmonary inflammation in patients of 
this sort. 

Dr. Osler A. Abbott (Atlanta, Ga.). I would 
like to mention 2 aspects of this problem with 
which we have been concerned in a very limited 
series of patients who had surgical correction of 
mitral insufficiency by annular plication. First is 
the situation of a patient with a large dilated 
annulus associated with a significant decrease in 
the size of the valve leaflets. In one such instance 
the placement of annulus sutures in the usual 
areas (over the area of the posteromedial area 
and, to a lesser degree, the anterolateral commis- 
sural area) only narrowed the annulus without 
decreasing the insufficiency of the mitral valve. 
The leaflets seemed to be displaced downward 
without being brought into approximation. We 
decided to place the sutures through the annulus 
but, rather than bringing them out of the annu- 
lus above the valve substance, we continued the 
suture under the aortic or septal leaflet and en- 
tered the opposing area of annulus from below the 
leaflet. This suture was then brought around the 
annulus and re-entry made with the needle above 
the annulus. Then the suture was carried from 
the undersurface of the annulus along below 
the surface of the aortic or septal leaflet to 
emerge behind the opposing area of annulus 
within a few millimeters of the initial entry 
site of the suture. Thus, we have placed a mat- 
tress suture incorporating the annulus on each 
side of the aortic leaflet near the midpoint of its 
attachment, but the suture lay entirely below the 
leaflet without incorporating papillary muscles or 
chordae tendineae. Placing 3 or 4 such sutures 
and then drawing them snug not only narrows the 
annulus but advances the important septal leaflet 
toward the mural leaflet. In one such instance a 
gratifying result has been obtained by this method 
for a period of 8 months to date. Severe shorten- 
ing of the chordae may increase the chance of 
needle injury of the leaflet during this maneuver. 
Such sutures may be placed and tested for their 
usefulness either in the annulus area near the 
dome of the septal leaflet or the usual zone of the 
annulus about the posteromedial commissure. 

A second aspect of the problem has been the 
employment of continuous negative pressure 
within the primary pulmonary artery to aid in 
decompression of the pulmonary vascular bed dur- 
ing bypass. This can produce such sufficient re- 
versal of blood flow within the lung that it can 
act as a good method for keeping the left atrium 
dry during direct-vision reconstruction procedures 
on the mitral valve. 

Dr. K. Alvin Merendino (Seattle, Wash.). I 
appreciate very much the opportunity of hearing 
this excellent presentation by Dr. Kay, and I 
cannot resist saying a few things which I think 
should be said about this problem. First, I think 
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that some have avoided this operation because of 
a fear that such sutures placed in the annulus will 
not hold securely. If the annulus is missed, there 
is no real strength in the adjacent tissues. How- 
ever, our experience indicates that the sutures 
will certainly hold if they are in the annulus. We 
have not varied our original technique of the 
direct application of interrupted sutures approxi- 
mating the posteromedial annulus. Our recent 
work-up of patients, some of which have now 
survived over 4 years, indicates that the initial 
good results have held up and remain excellent. 
As far as I am concerned, posteromedial annulo- 
plasty has a tremendous value, not only in the 
patient with the dilated annulus, but often in pa- 
tients who have an annulus of normal size. In 
the latter situation, merely a suture or two will 
frequently control the entire regurgitation. If one 
has posteromedial annuloplasty available, then the 
only time when one needs an artificial valve, in 
my opinion, is in cases of pure calcific mitral 
stenosis and mixed stenosis and insufficiency with 
calcification. The latter is the valve in which 
posteromedial annuloplasty has very little to offer 
in the control of regurgitation, and if one could 
excise and replace this valve, he would be way 
ahead of the situation. There are 2 other points 
that I think should be made with regard to mor- 
tality rate. Our biggest mortality rate has oc- 
curred in the patients with associated aortic in- 
sufficiency. The only way in our experience to 
control this is by cross-clamping the aorta. An 
aortic tourniquet does not control it as most of 
you well know. If one avoids the patient with the 
calcific valve and the patient with aortic insuf- 
ficiency known to be present before operation, 
certainly the results are going to be good with 
posteromedial annuloplasty. If, however, func- 
tional aortic insufficiency occurs during operation, 
we have found that by elevation of the pericar- 
dium one can correct functional aortic insuf- 
ficiency. In other words, when the heart becomes 
empty, the distortion or clockwise rotation of the 
myocardium by its sheer weight seems to distort 
the aortic annulus with resultant functional aortic 
insufficiency. If it is not recognized, one can have 
a very difficult time, indeed. 

Dr. Jerome H. Kay (closing). I would like to 
thank the discussers. As Dr. Merendino stated, I 
also clamp the aorta whenever there is a fair 
amount of aortic insufficiency. However, I believe 
it is important in the patients with rheumatic 
heart disease not to clamp the aorta for more 
than 3 or 4 minutes at any one time. The heart 
lung machine is also equipped with 4 coronary 
sinus suckers to keep the left atrium dry of blood 
during the repair. I think that actually we will 
need a plastic valve in only about 5 per cent of 
the patients and I think these will be the patients 
who have severely calcified valves. 
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Myocardial response to prolonged acute 
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alton and his associates* have de- 
scribed the changes which take place in the 
force of myocardial contraction in dogs dur- 
ing hypotension produced by the repeated 
withdrawal of small increments of blood over 
a period of time. They described variable 
changes in heart force under the conditions 
of their experiment. More than half the dogs 
showed a pronounced decrease, some were 
not affected, and some showed an increase. 
Our experiments were undertaken to define 
the response of the heart to severe acute 
oligemic hypotension, with use of the data 
obtained with the Walton-Brodie _ strain 
gauge arch as well as from the usual tech- 
niques for hemodynamic studies. 


METHODS 


Twenty-seven mongrel dogs which weighed 
9.5 to 16.8 kilograms were anesthetized in- 
travenously with pentobarbital sodium (27 
mg. per kilogram). Artificial respiration was 
maintained by endotracheal tube and a 
mechanical respirator. The left side of the 
chest was opened through the fifth inter- 
costal space. The pericardium was opened 
widely and fixed with sutures to form a 
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oligemic hypotension 


cradle for the heart. A Walton-Brodie strain 
gauge arch was sutured to the left ventricle. 
The arms were then extended, as recom- 
mended by Boniface and associates,’ so that 
the myocardium was stretched approximately 
50 per cent beyond the diastolic length. Four 
cannulas were placed, (1) a polyethylene 
cannula (internal diameter 0.085 inch, 
length 8 inches) through a femoral artery 
into the aorta for rapid bleeding of the 
animal, (2) one in the other femoral artery 
for recording arterial pressures, (3) one 
through a femoral vein into the vena cava 
to a level above the renal veins for recording 
venous pressures, and (4) one through the 
left atrial appendage into the atrium for 
recording the left atrial pressures. In animals 
in which measurements of the cardiac out- 
put were made, a cannula was inserted 
through a jugular vein into the superior 
vena cava for injection of indocyanine green 
dye and one through a carotid artery into 
the aortic arch for withdrawal of blood. 
After all surgical procedures were completed, 
the animals were given heparin in the dosage 
of 5 mg. per kilogram of body weight. 
The arterial, venous, and atrial pressures 
were recorded on a Grass polygraph by means 
of Statham pressure transducers. Electrical 
signals from the Walton-Brodie force gauge 
were led into the polygraph and recorded. 
The height of the control responses obtained 
before bleeding was assigned the value of 
100. All other heights were expressed in 
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Fig. 1. The effect of acute prolonged oligemic hypotension upon myocardial con- 
tractile force is shown. The first vertical line represents the onset of bleeding, the 
second one represents the return of the blood to the animal. 


percentages of this base line value. Cardiac 
outputs were measured by the dye dilution 
technique after injection of 2.5 mg. of 
indocyanine green dye into a jugular vein. 
Blood was drawn from the aortic arch 
through a Waters oximeter cuvette. The 
infrared output of the oximeter cuvette was 


recorded by the Grass polygraph. Lead II 
of the electrocardiogram was recorded. 
After the initial measurements were re- 
corded the animals were rapidly made hypo- 
tensive by bleeding into a siliconized bottle 
until a mean arterial pressure of 25 to 30 
mm. Hg was reached. The initial bleeding 
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time was from 1 to 3 minutes. The height 
of the reservoir was then adjusted to main- 
tain this mean pressure. All animals were 
kept hypotensive until they began to reinfuse 
themselves from the reservoir without a rise 
in the mean arterial pressure. The animals 
were then reinfused and followed until 
death, or for 2 to 6 hours and then sacrificed. 


RESULTS 


Mortality rate. Sixteen animals died dur- 
ing the experimental period. Five of these 
died either during or immediately after re- 
infusion. The remainder died before the end 
of the experiment. Observations on the 11 
survivors continued for at least 2 hours 
after reinfusion. 

Bleeding. Bleeding was performed rapidly 
in all animals. One to 3 minutes (average 
2.2 minutes) was the time required to pro- 
duce hypotension of the degree desired. In 
this series of experiments, the bleeding 
volume required to produce the desired levels 
of hypotension averaged 2.18 per cent of the 
body weight in all animals. The initial 
bleeding volume was 2.30 per cent of body 
weight in animals that lived and 2.04 per 
cent of body weight in those that died. The 
maximal volume bled averaged 3.53 per cent 
body weight in all animals, 3.76 per cent in 


Mean Arterial Pressure 
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the animals that survived, and 3.04 per 
cent body weight in those that died. The 
volume of blood in the reservoir just prior 
to reinfusion (final bleeding volume) aver- 
aged 3.05 per cent body weight in all 
animals, 3.43 per cent body weight in the 
survivors, and 2.62 per cent body weight in 
the nonsurvivors. These differences were not 
significant. 

Myocardial force. With the rapid onset 
of oligemic hypotension, the force of the 
ventricular contractions fell to 45 to 50 per 
cent of the prebleeding value (Figs. 1 and 


-2). During the next 10 minutes, the contrac- 


tions showed a more forceful pattern, but the 
change was not significant. After this burst 
of more forceful activity, the contractions 
again approached 50 per cent of the base 
line. There was then a general tendency for 
ventricular force to increase during the re- 
mainder of the period of hypotension. In the 
11 animals that survived the experimental 
period, this degree of elevation was main- 
tained (Figs. 1 and 3). In the 16 animals 
that died during the experiment, there was 
another decrease in force of contractions 
after approximately 90 minutes of oligemic 
hypotension (Figs. 1 and 4). During this 
time, the animals spontaneously infused 
themselves with blood from the reservoir. 


Electrocordiogram (Leod I) 
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3 Minutes ofter bleeding 30 Minutes ofter bleeding 30 Minutes after reinfusion (20 Minutes after reinfusion 


Fig. 2. Tracings from a typical experiment show recordings of mean arterial pressure, myo- 
cardial force, and electrocardiogram at the indicated times. 


| 
lt 
150 
20 Myocardioi Force . 
rer 
tle 
ing 


78 Weidner, Roth, and Simeone 


VOLUME 
SHED BLOOD 


4h 
2h 


ICON 
MYOCARDIAL 
FORCE 


109 
on 
CONTROL 
LEFT ATRIAL PREGSURE 
VENA CAVAL PREGSURE @—e 


CONTROL 8 30 60 90 120 R 30 60 90 120 OD 
TIME IN MINUTES 


Fig. 3. The effect of oligemic hypotension upon 
myocardial force, cardiac output, and vena caval, 
left atrial, and mean arterial pressures is shown. 
These results are average values taken from the 
11 animals which survived the experiment. 


Upon mechanical reinfusion, myocardial 
force increased both in dogs that lived and 
those that died. In the 11 animals that sur- 
vived after reinfusion, the force gradually 
approached the prebleeding value and re- 
mained at that level until the experiment 
was ended. In the 16 animals that died, the 
force approached prebleeding values and re- 
mained at that level for varying periods of 
time despite a progressively falling blood 
pressure. Finally, however, the myocardial 
force decreased until death. 

Vena caval and left atrial pressures. 
During the period of hypotension the vena 
caval and left atrial pressures fell to very 
low values (Figs. 3 and 4). Generally, these 
pressures were maintained at the low levels. 
In an occasional animal there was a tend- 
ency for a slight increase in pressures, but 
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Fig. 4. The effect of oligemic hypotension upon 
myocardial force, cardiac output, and vena caval, 
left atrial, and mean arterial pressures is shown. 
These results are average values taken from the 
16 animals that died during the experiment. 


never back to prebleeding values. Immedi- 
ately after mechanical intra-arterial infusion 
over a period of 5 to 15 minutes, both pres- 
sures increased to slightly above prebleeding 
levels, but were not usually abnormally high. 
The pressures fell within 15 minutes to levels 
below normal which approximated the levels 
maintained during hypotension. In _ the 
animals that died during the experiment, 
there was a terminal increase in left atrial 
and vena caval pressures just prior to death 
(Fig. 4). However, these pressures were not 
abnormally high. Of particular importance 
is the fact that in all nonsurviving animals, 
the myocardial force remained high for at 
least 1 hour while the systemic arterial 
pressure progressively fell and the venous 
and left atrial pressures remained low (Fig. 


4). 
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Cardiac output. Cardiac output fell to 
remarkably low values during oligemic hypo- 
tension, averaging 20 to 30 per cent of the 
prebleeding values (Figs. 3 and 4). Re- 
infusion in the animals that survived brought 
an increase in the cardiac output to approxi- 
mately the prebleeding level. During the 
follow-up period the cardiac outputs in these 
animals fell slightly, but usually remained 
at 60 to 75 per cent of the prebleeding 
values until the experiment was discon- 
tinued (Fig. 3). In the animals that did not 
survive, the cardiac output increased to 50 
per cent of the prebleeding value when the 
blood from the reservoir was rapidly in- 
fused. After 30 to 45 minutes the cardiac 
output in these animals rapidly fell to ap- 
proximately 25 per cent of the prebleeding 
value and remained at this level until death 
(Fig. 4). 

Arterial pressure. The arterial pressure was 
maintained at 25 to 30 mm. Hg by adjust- 
ment of the level of the reservoir. After re- 
infusion, the mean arterial pressure rose 
again to levels averaging 75 mm. Hg. In the 
animals that survived, the mean arterial 
pressure fell slightly and then remained at 
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this lower level (Fig. 3). In the animals 
followed until death the arterial pressure 
failed to maintain itself for more than 15 to 
30 minutes (Fig. 4). 

Electrocardiogram. Electrocardiograms 
showed immediate depression of the ST 
segment and inversion of the T wave. Pre- 
mature ventricular extrasystoles and ven- 
tricular tachycardia appeared late and were 
usually a warning that death was imminent. 
Extreme bradycardia usually followed the 
tachycardia and preceded ventricular fibril- 
lation and death. All of these occurrences 
except ventricular fibrillation could be re- 
versed with reinfusion of the blood. 

Heart rate. The heart rate in the anes- 
thetized animals was calculated from the 
electrocardiogram. The heart rate before 
bleeding averaged 160 beats per minute. 
Within 5 minutes of the onset of bleeding, 
the average heart rate was 133. The heart 
rate then continued to decrease through the 
experimental period. There were never any 
periods of tachycardia. There was no signif- 
icant difference in heart rate between 
animals that survived and those that did not 
survive (Fig. 5). 
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Fig. 5. This chart shows the effect of oligemic hypotension on the heart rate of 
animals anesthetized with pentobarbital. The first vertical line represents the onset 
of hemorrhage and the second represents the return of blood to the animal. 
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COMMENT 


One of the complicating factors in the 
study of shock has been the variety of meth- 
ods utilized for the experimental model. 
While the present method presents yet an- 
other variation, it seemed preferable to pro- 
duce the desired level of hypotension rapidly 
and to maintain it for an easily determined 
period of time. By this means, both early and 
late effects of oligemia could be studied with 
some precision with regard to level and dura- 
tion of hypotension. Short periods of severe 
oligemia and hypertension can produce 
metabolic changes,” and it was believed, 
therefore, that the results from slower meth- 
ods of producing the irreversible changes 
of oligemic hypotension would be difficult to 
interpret in terms of duration and severity 
of the stress. The present method was stand- 
ardized in earlier studies and is a useful 
model for these specific variables. 

The mortality rate during the experi- 
mental period was 60 per cent. However, it 
is probable that most of the other animals 
would have died had they been followed for 
longer periods. In the animals that survived, 
the blood pressure maintained itself at a 
level adequate to sustain life, though it was 
somewhat lower than the prebleeding level. 
In those that did not survive, the outcome 
could be foretold by a steadily decreasing 
arterial blood pressure after reinfusion. 

The blood deficit necessary to produce the 
desired degree of hypotension was less in this 
series of animals than in those previously 
studied.* The blood loss during the prepara- 
tion was not adequate to explain this differ- 
ence. The deleterious additive effect of 
trauma on hemorrhagic shock is well known. 
The injury to tissue and other possible effects 
of trauma, aside from hemorrhage, could ac- 
count for the somewhat decreased bleeding 
volumes because in the previous preparations 
there was essentially no operative trauma. 
The nonsurvivors exhibited insignificantly 
less bleeding volume than the survivors. The 
final bled volume of the nonsurvivors came 
close to being significant (p = 0.1) and 
indicates that these animals had taken back 
more of their blood prior to reinfusion. 
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The heart rates in these animals, anes- 
thetized with Nembutal, were abnormally 
rapid prior to bleeding. Immediately aiter 
bleeding there was a relative bradycardia, 
which persisted throughout the experiment. 
Relative bradycardia has not been found in 
unanesthetized animals.* 

The rapid production of oligemic hypo- 
tension shows immediate effects upon the 
heart, ‘as reflected in force of ventricular con- 
traction, electrocardiogram, cardiac output, 
heart rate, and venous pressure. The force 
of myocardial contraction, as measured by 
the Walton-Brodie strain gauge arch, de- 
creases immediately to 50 per cent of the 
prebleeding value. This corresponds to an 
initial blood loss of 20 per cent of the esti- 
mated blood volume. The small increase in 
force seen throughout the hypotensive period 
could indicate that the myocardium can con- 
tract better if given the opportunity to do so. 
In fact, the force of myocardial contraction 
seems out of proportion to the very low 
cardiac output. A reasonable explanation for 
the slowly increasing force of contraction 
may be the progressive restoration of blood 
volume. During this prolonged period of 
time there will be hemodilution, which 1s 
detectable within 5 to 10 minutes of the 
onset of oligemia. 

It was noted that in almost all animals 
there was a rather sharp increase in the force 
of ventricular contraction above the initial 
drop during the first 15 minutes after estab- 
lishment of hypotension. In most animals it 
was noted also that small increments in 
bleeding after the establishment of hypo- 
tension would cause small increases in force. 
Walton and colleagues? also noted these 
changes and believed that they were the 
effects of sympathetic stimulation. These 
findings indicate the ability of the heart to 
compensate for acute blood loss by increased 
force of contraction. 

It is known that after prolonged periods 
of oligemic hypotension metabolic changes 
have taken place in the myocardium, but the 
heart maintains the ability to contract with 
normal or nearly normal force until the very 
end. In fact, even though the blood pressur¢ 
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began to decrease shortly after reinfusion in 
the nonsurvivors, the myocardial force was 
maintained at or near the postinfusion level 
until a very low cardiac output was reached. 
The ventricular contractile force then fell 
off rapidly as death supervened. 

There was no evidence that this terminal 
failure of ventricular contraction is the heart 
failure described clinically as right ven- 
tricular failure. These experiments demon- 
strate that the circulation, as manifested 
by arterial pressure, deteriorates after pro- 
longed oligemic hypotension while the myo- 
cardial contractile force and the atrial and 
venous pressures remain near normal except 
during the terminal events. 

The reason for the decrease in cardiac 
output and decreasing arterial pressure after 
reinfusion is a matter for speculation. Data 
from isotope studies indicate that after pro- 
longed periods of oligemic hypotension there 
is selective pooling of blood in the splanchnic 
bed.* 

The electrocardiograms of the animals 
showed immediate evidence of dysfunction, 
probably related to ischemia. This ischemia 
can be demonstrated also by polarographic 
studies: made during oligemic hypotension.” 
However, the ability of the myocardium to 
recover is remarkable. Even after prolonged 
periods of hypotension, the electrocardio- 
gram would return almost to normal after 
the return of blood. 

While these studies do not define the cause 
of death from prolonged oligemic hypoten- 
sion, they do suggest that the normal heart 
is not the weak link in the homeostatic chain. 
The myocardium can contract with normal 
force so long as it has an adequate volume 
of blood to propel. The primary cause of 
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death in severe acute oligemic hypotension 
in previously normal dogs is not failure of 
the myocardium. It seems to be failure of 
adequate venous return secondary to accom- 
modation of blood in other vascular beds. 


SUMMARY AND CONCLUSIONS 


1. Experimental data are presented on the 
hemodynamic effects of severe acute oligemic 
hypotension. Parameters studied included 
myocardial force, arterial pressure, vena 
caval pressure, left atrial pressure, cardiac 
output, heart rate, and electrocardiogram. 

2. The data indicate that the contractile 
force of the myocardium remains normal or 
nearly normal despite a progressive decrease 
in arterial pressure as the animal dies. The 
left atrial and vena caval pressures remain 
normal except for a terminal rise. 

3. Failure of previously normal myo- 
cardium does not seem to be the cause of 
deterioration of the circulation and death 
in prolonged acute oligemic hypotension. 
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Dynamics of coronary arterial flow: 


How alterations resultin 
from certain surgical 
procedures and drugs 


of surgical importance 


easurement of coronary arterial 
blood flow is of considerable interest and 
importance for many reasons, not the least 
of which is the great need for quantitation 
of coronary blood flow in the evaluation of 
procedures aimed at myocardial revasculari- 
zation for coronary arterial occlusive disease. 
The direct effects of various surgical manip- 
ulations and drugs on coronary arterial flow 
could not be studied previously because of 
inadequate instrumentation. This report pre- 
sents data obtained in a study of coronary 
arterial pressure—flow alterations in a va- 
riety of experimental situations performed 
by means of new electronic techniques. 


METHODS 


Young adult mongrel dogs ranging in 
weight from 20 to 32 kilograms were lightly 
anesthetized intravenously with pentobarbi- 
tal sodium, intubated,. and ventilated with 
a piston-type respirator. Leads were at- 
tached to the limbs to record the electro- 
cardiogram and to trigger certain port‘ons 
of the electronic recording equipment. Left 
ventricular pressure was recorded via a 
large-bore polyethylene catheter inserted 
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into a carotid vessel and passed retrograde 
into the left ventricle. A second polyethylene 
catheter was inserted into a femoral artery 
and threaded retrograde to record aortic 
arch pressure. The single-ended inductance 
type of pressure transducers were employed. 
Through a left thoracotomy, a 2 cm. length 
of the proximal portion of the circumflex 
branch of the left coronary artery was iso- 
lated to allow placement of the flow trans- 
ducer as shown in Fig. 1. Both pulsatile and 
mean flow through the intact coronary ar- 
tery could then be recorded by use of the 
noncannulating square-wave electromagnetic 
flowmeter* described by Denison.* 

An analogue computer integrator unit 
(K3-J+) was used to obtain the total flow 
during each individual cardiac cycle (the 
time integral, which measures the area un- 
der the instantaneous coronary arterial flow 
curve). This computer unit was “clamped” 
back to the zero base line just before each 
ventricular contraction by a pulse derived 
from the electrocardiogram R wave, suitably 
amplified (Philbrick UPA—2) and capacita- 
tively coupled to a clamping relay. This ar- 
rangement permitted recording of both i 
stantaneous coronary arterial flow wave 
form and total coronary flow per cardiac 
cycle. 


*Made by Carolina Medical Electronics, Winston-Salem. 
N. C. 


+Philbrick Researches, Inc., Bostcn, Mass. 
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All the parameters were recorded simul- 
taneously on a multichannel direct-writing 
recorder. 


RESULTS 


Normal coronary arterial dynamics. Si- 
multaneous recordings of aortic arch pres- 
sure and circumflex coronary artery pressure 


are seen in Fig. 2. It will be noted that the’ 
_pressure wave forms were virtually identical 


in both excursion and phase. Hence, it was 
permissible to record the more easily ob- 
tainable aortic arch pressure in lieu of coro- 
nary artery pressure. 

Pulsatile and mean pressure-flow data 
from a normal animal are shown in Fig. 3. 
It is apparent from comparison of arch pres- 
sure and coronary flow tracings that coro- 
nary flow and coronary pressure vary re- 
ciprocally, with the seeming paradox that 
peak coronary flow occurs with minimal 
coronary arterial pressure. The coronary 
flow pattern was found to be almost a mirror 
image of the left ventricular pressure curve, 
with most of coronary flow occurring when 
ventricular pressure was minimal. The nor- 
mal systolic to diastolic flow ratio is approxi- 
mately 1 to 6. If one compares the ventricu- 
lar pressure curve and coronary flow curve, 
it can be seen that coronary flow dropped 
suddenly when ventricular pressure rose 
above a value which averaged 32 mm. Hg 
in this group of experiments. Similarly, coro- 
nary flow increased rapidly when ventricu- 
lar pressure dropped again below a value 
which averaged 84 mm. Hg. The difference 
was probably a reflection of a difference in 
corenary artery pressure which was higher 
in the latter instance. The total coronary 
flow per stroke was indicated by the height 
to which the integrator curve rose above the 
base line before it was returned to that base 
line by the electrocardiogram-clamp circuit. 

Flow values obtained by this method in 12 
experiments are shown in Table I. Mean 
flow through this coronary vessel was 52 + 
9.6 ml. per minute per 100 Gi. of left ven- 
tricle. Response of coronary flow to momen- 
tary occlusion is illustrated in Fig. 4. After 
the fall to zero flow there was a marked 
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“overshoot” of flow, which often amounted 
to a temporary threefold increment over 
the preocclusion value. 


Table I. Control values of left circumflex 
coronary artery flow (12 experiments) 


| Mean | Range 


Coronary flow (ml./min. ) 73 57-83 : 
Heart weight (Gm.) 224 153-275 
Flow/100 Gm. of heart 
(ml./min. ) 33 27-41 
Flow/100 Gm. of left 
ventricle (ml./min.) 52¢ 41-64 
Mean blood pressure 
(mm. Hg) 120-100-147 


*Standard deviation + 5.6. 


Fig. 1. A, Coronary artery exposed for flow meas- 
urement. B, Flow probe in place. 
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Fig. 2. Simultaneous recordings of coronary artery 
and aortic arch pressures. 
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Fig. 3. Simultaneous recordings of coronary arterial flow, aortic arch pressure, 
left ventricular pressure, electrocardiogram, and coronary flow integral. 


Augmentation of coronary flow. 

Mechanical. An often used clinical expedi- 
ent “to increase coronary blood flow” is the 
temporary occlusion of some aortic branch 
in an attempt to compensate for sudden 
hypotension or cardiac arrhythmia. The in- 
fluence of this maneuver upon coronary ar- 
terial flow was evaluated quantitatively. 

Occlusion of an aortic arch branch, the 
brachiocephalic artery, produced the altera- 
tions seen in Fig. 5. It will be noted that both 
arch pressure and coronary flow increased. 
Relative increases in arch pressure as com- 
pared with coronary flow are seen in Fig. 6. 
In 5 of the 7 experiments arch pressure in- 
creased proportionately more than coronary 
arterial flow. 

Occlusion of the descending aorta also 


produced increases in both arch pressure and 
coronary flow as seen in Fig. 7, but with a 
reversal in relative changes from those in 
the previous experimental group. Fig. 8 
illustrates the alterations observed in 9 ex- 


Table Il. Effect of epinephrine on coronary 
blood flow 


Coronary arterial 
Experi- rise in 


ment Con- | Maximum after| coronary 


No. (mg.) | trol epinephrine . flow 


3 04 25 154 516 
6 04 90 390 334 
10 0.1 63 399 533 
13 0.3 84 420 400 
14 04 63 350 455 
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periments and shows a greater increase in 
coronary flow than in arch pressure for 7 
of the 9 animals. 

Pharmacologic. The place of vasoconstric- 
tor agents in the surgeon’s armamentarium 
is still debatable. The influence of 2 such 
agents on coronary arterial blood flow has 
been studied, with the effects of epinephrine 
illustrated in Fig. 9. Shortly after intra- 
venous injection of epinephrine, coronary 
flow showed approximately equal increase 
in its systolic and diastolic components so 
that the flow excursion was little altered. 
This was followed by a brief phase during 
which flow excursion was greatly widened, 
with reverse flow exhibited during a portion 
of each cycle. The third phase was reached 
when both systolic and diastolic portions of 
the coronary flow curve were greatly in- 
creased above the control values. The effect 
terminated with gradual fall in flow back 
to control values. The maximum response 
in coronary arterial flow to the intravenous 
administration of epinephrine is illustrated 
in Table II. A three- to fivefold increase in 
mean coronary flow is shown by these data. 

L-norepinephrine (Levophed) produced a 
somewhat different response, as shown in 
Fig. 10, so that the reversal of coronary flow 
during each cycle continued throughout the 
early response to the agent. 

Hypoxia. Because of a variety of causes, 
anesthetized patients occasionally become 
hypoxic, although this is never part of the 
surgeon’s plan. Hence, the effect of this 
metabolic disturbance interests the surgeon. 
The response of coronary arterial blood flow 
to inhalation of a mixture of 10 per cent 
oxygen and 90 per cent nitrogen is shown 
in Fig. 11. Oxygen saturation of arterial 
blood was recorded continuously by use of 
a cuvette densitometer oximeter calibrated 
against the Van Slyke manometric ap- 
paratus. Coronary arterial flow increased in 
response to the hypoxia (+41 per cent) but 
not in exact proportion to the reduction in 
arterial oxygen saturation (—55 per cent). 
Afier coronary occlusion, “overshoot” still 
occurred which indicated further potential 
arterial vasomotor activity. 
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Fig. 4. Effect on coronary arterial flow of momen- 
tary occlusion of coronary artery. Overshoot is 
marked after fall to zero. 
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Fig. 5. Response of coronary arterial flow and 
aortic arch pressure to occlusion of brachio- 
cephalic artery. 
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Fig. 6. Relative alterations of arterial pressure and 
coronary flow which result from brachiocephalic 
artery occlusion. 
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Fig. 7. Response of coronary arterial flow and 
aortic arch pressure to occlusion of descending 
aorta. 
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Fig. 9. Response of coronary flow and arterial 
pressure to intravenous administration of epi- 
nephrine. 


Induced hypotension. Elective reduction 
of arterial pressure would have much wider 
surgical application if this procedure could 
be shown to be physiologically safe. The 
response of coronary arterial flow and aortic 
arch pressure to intravenous Arfonad ad- 
ministration is seen in Fig. 12. Profound 
reduction in aortic arch mean pressure was 
accompanied by only a small reduction in 
coronary flow. 

Aortic insufficiency. Alteration in coro- 
nary arterial flow shortly after creation of 
aortic insufficiency by transventricular 
valvulotomy of the noncoronary cusp is seen 
in Fig. 13. Of greatest interest is the fact 
that coronary arterial flow peaks coincide 
with ventricular pressure peaks under these 
conditions. This is a direct reversal of the 
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Fig. 8. Relative alterations of arterial pressure 
and coronary flow which result from occlusion of 
descending aorta. 
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Fig. 10. Response of coronary flow and arterial 
pressure to intravenous administration of l-norepi- 
nephrine. 


findings in the normal animal, for the sys- 
tolic to diastolic flow ration was approxi- 
mately 2.5 to 1 in this experiment. This 
observation has been confirmed in 3 animals 
to date. 


COMMENT 


The methods used for flow measurement 
in this study were the same as those de- 
scribed by Marston and associates,* without 
whose assistance this work would not have 
been possible. 

Our findings in regard to the phasic flow 
pattern in the left coronary arteries of: nor- 


mal dogs differ somewhat from those of 
Gregg and Green,” who used a differential 
manometric method. Their records show a 
small backflow phase to be present in the 
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normal animal. ‘This has never been seen in 
our experiments on the normal animal 
but did appear in response to vasocon- 
strictors. 

While we have not included the fact as part 
of our data, the anterior descending branch 
of the left coronary artery has carried about 
50 per cent as much flow as the circumflex 
branch in our experimental animals. 

The estimate for total left coronary flow 
by this method would thus be 78 ml. per 
minute per 100 Gm. of ventricle, which is 
in the same range as the findings of Gregg 
and Green. 

The phenomenon of “overshoot” in flow 
after arterial occlusion has been regularly 
observed in our work with other vessels, but 
has never been as pronounced as_ that 
exhibited by the coronary arteries. An astute 
observation which aids in the interpretation 
of this phenomenon was made by Dr. 


William M. Chardack! and the evidence 


shown in Fig. 14 is included with his per- 
mission. This illustration includes simultane- 
ous recordings of aortic arch blood pressure 
(bottom), left circumflex coronary arterial 
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flow (center), and electrocardiogram (top). 
Heart block had been produced experi- 
mentally in this animal and cardiac rate 
was determined by a pacemaker. Cardiac 
rate as set by the pacemaker is indicated 
beneath each electrocardiographic tracing. 
At frequent intervals coronary flow was 
brought to zero as a result of asystole after 
temporary cessation of the pacemaker im- 
pulse as shown at points 3, 4, and 5. This 
phenomenon is confirmed by the absence of 
any electrocardiogram and the abrupt fall 
in aortic arch blood pressure to zero. As 


‘systole resumed there was no “overshoot” in 


coronary flow. At points 7 and 10 coronary 
artery occlusion was performed and this was 
followed by prompt “overshoot” on release. 
This information supports the concept that 
“overshoot” is a result of vasodilatation 
which is possibly due to accumulation of 
metabolites. Point 6 in this recording is an 
“electronic zero” obtained by turning: off 
the electromagnet supply voltage. 

Another point of some interest gained 
from this tracing is the finding that coro- 
nary flow increases with increase in rate up 
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Fig. 11. Effect of hypoxia on coronary blood flow. 
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Fig. 12. Effect of intravenous Arfonad adminis- 
tration upon arterial pressure and coronary blood 
flow. Profound reduction in aortic arch mean 
pressure was accompanied by only a small re- 
duction in coronary flow. 
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to 140 beats per minute, then decreases as 
rate is further increased. 

The difference in response of coronary 
flow and arch pressure produced by occlu- 
sion of the brachiocephalic artery and 
descending aorta is perplexing and has 
served to demonstrate that there is another 
determinant, or determinants, for coronary 
flow which have not been delineated. 

It is possible that the differences seen are 
the result of differences in activity of the 
carotid body, since with brachiocephalic ar- 
tery occlusion it “perceives” a low pressure, 
and with descending aorta occlusion it “per- 
ceives” a high pressure. However, the mode 
of mediation of the coronary flow responses 
in the two situations remains unsettled. 
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Fig. 13. Alteration in coronary flow dynamics in 


experimental aortic insufficiency. 
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Fig. 14. Coronary flow study in animal with heart block. Cardiac rate was main- 
‘tained by pacemaker. Top, electrocardiogram with cardiac rate indicated beneath. 
Center, coronary arterial flow. Bottom, arterial pressure. Points 3, 4, 5, 8, and 9 
indicate asystole produced by disconnection of pacemaker. At points 7 and 10 coro- 
nary artery was occluded. At point 6 the electrical supply to the flow probe magnet 
was disconnected. 


The remaining findings here reported are 
in the nature of pilot surveys. They do show 
that the methods are adequate for the detec- 
tion and registration of both instantaneous 
and mean alterations in coronary blood flow. 

We believe that the method of flow meas- 
urement is sufficiently safe, as demonstrated 
by our experience in animals, to be applica- 
ble to human measurement whenever opera- 
tive exposure is planned. 


SUMMARY AND CONCLUSIONS 


1. A newer technique for the measure- 
ment of coronary arterial mean and 
instantaneous phasic flow in which a square- 
wave electromagnetic flowmeter is utilized 
is described. 

2. A description of the instantaneous 
phasic characteristics of coronary arterial 
flow and the time relationships of these 
characteristics to electrocardiogram, ventric- 
ular pressure, arch pressure, and coronary 
artery pressure is included. 

3. A series of observations on alterations 
of coronary mean flow and pulsatile char- 
acteristics produced by mechanical means, 


hypoxia, epinephrine, l-norepinephrine and 
Arfonad are described. 

4. The applicability of this method to the 
measurement of coronary blood flow in pa- 
tients is suggested. 
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DISCUSSION* 


Dr. John E. Conrolly (Palo Alto, Calif.). I 
want to compliment Drs. Menno and Schenk on 
the work that they presented this morning. We, 
too, have been impressed with the desirability of 
studying the coronary blood flow under varying 


ho 


*Discussion of papers by Weidner, Roth, and Simeone; 
and Menno and Schenk. 
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conditions and we have devised a_ radioactive 
technique which we think provides a simple quan- 
titative measurement of coronary blood flow either 
with an open or closed chest. This is a modifica- 
tion of Kety’s technique of estimating blood flow 
in skeletal muscles. Na?2Cl is injected into the 
myocardium and its disappearance rate is meas- 
ured with a scintillation counter placed over the 
heart. The relative coronary blood flow is then 
expressed in per cent per minute calculated from 
the logarithmic plots of the turnover rates. Thus, 
by injecting Na22Cl through a percutaneous needle 
into the myocardium, we can obtain a measure of 
coronary blood flow with a closed chest and by 
this simple technique we have been able to show, 
as Drs. Menno and Schenk have, that there is an 
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augmentation of coronary blood flow with me- 
chanical assistance in acute heart failure, with 
cross-clamping of the descending aorta, and also 
after the administration of pharmacologic agents. 

Dr. Worthington G. Schenk, Jr. (closing). The 
findings which we have reported must be re- 
garded as pilot studies which show what can hap- 
pen under various experimental conditions. Only 
further study with larger groups of animals will 
determine what is most likely to happen under 
such conditions. 

This technique for measurement of coronary 
blood flow is not an easy one; consequently, every 
experimental effort has not met with complete 
success. 
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3-year study involving over 350 
growing pigs and dogs,’ selected human 
subjects, and 37 different synthetic fabrics 
was organized in the attempt to establish 
the specifications for the ideal synthetic 
vascular material. 

It was found that the physical property 
of porosity correlated well with the biological 
fate of grafts implanted into the thoracic 
aorta of the growing pig. In order to meas- 
ure the water porosity, a special machine 
was devised and built. This machine allowed 
excellent reproducibility of the test for water 
porosity (Fig. 1). 

In Table I the fabrics tested are listed. 
These include Vinyon-N, nylon, Orlon, 
Dacron, Teflon, Ivalon, glass, and lead. The 
materials in this group produce a wide range 
of biological reactivity, yet the ultimate fate 
of grafts composed of these various materials 
correlated not with the material, but with 
the porosity. We are all familiar with photo- 
graphs of good-looking grafts of Vinyon-N, 
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Orlon, nylon, Dacron, Teflon, and even 
Ivalon. Fig. 2 shows the unique finding of a 
good-looking graft of glass after 1 year of im- 
plantation in the thoracic aorta of a grow- 
ing pig. The fate of the glass graft is ‘con- 
trasted with that of a tightly woven Teflon 
graft shown after 7 months implantation in 
a growing pig in Fig. 3. In the Teflon graft 
there is massive calcification (seen through 
the inner capsule which has been laid down 
by the host) in a site immediately within 
the lumen of a graft material itself. Fig. 4 
is an aortogram in a dog taken 7 months 
after implantation of a graft made of per- 
forated metallic lead. Although the lead 
material has fractured and allowed aneu- 
rysm formation, there is an adequate lumen 
for blood flow. This graft did not thrombose. 


Table I. Synthetic materials tested 


Braid-| Knit- 
Cloth|Woven|\ ed ted 
Material sheet | tube | tube | tube | Total 


Vinyon-N 1 — 1 
Nylon 1 -- 1 — 2 
Orlon 2 — — 
Dacron 4 5 3 3 15 
Tefion 2 7 — 2 11 
Ivalon 1 (1) —_- — 2 
Glass 2 — —_- — 2 
Lead 1 (1) —_- — 2 

Totals 14 14 4 5 37 


Each integer refers to a different material with different 
yarn, fabric, or fabrication characteristics. 
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Fig. 1. Graph demonstrates excellent reproduci- 
bility of water porosity determinations. Test ma- 
terial was 2 separate lots of American Ivalon of 
varying compression ratio tested 1 year apart. 
Note the superimposition of the 2 curves, one 
plotted with circles and the other with crosses. 
(From S. A. Wesolowski.?) 


Fig. 2. Grafts of hand-fabricated fiber glass cloth. 
A, Implantation into thoracic aorta of growing 
pig for 1 year shows acceptable result. B, Graft 
after implantation into thoracic aorta of mature 
dog for 17 months. Although longitudinal seam 
separated and allowed saccular aneurysm forma- 
tion and severe turbulence, all surfaces of inner 
aspect of specimen containing fiber glass are lined 
with ideal type of inner capsule (thin, trans- 
parent, and viable). (From S. A. Wesolowski.?) 
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The results of these and all other implanta- 
tions in this study* have demonstrated that 
the fate of the vascular graft is not primarily 
determined by the reactivity of the material 
which makes up its wall. 

It has been possible to outline the method 
of formation of the new inner fibrous cap- 
sule of the implanted synthetic vascular 
graft. The synthetic graft is a foreign body 
which the host tends to encapsulate com- 
pletely. The photomicrographs of Figs. 5, 
6, and 7 demonstrate the method of forma- 
tion of the inner fibrous capsule and the 2 
major complications of inner capsular de- 
generation—calcification and septum forma- 
tion. In each photomicrograph the lumen of 
the graft faces up. Fig. 5, A, is a photo- 
micrograph of an Edwards-Tapp_ braided 
nylon graft 10 days after implantation into 
the thoracic aorta of a growing pig. A com- 
pact inner layer of fibrin has been formed. 
After 10 days this layer of fibrin shows the 
earliest signs of organization by fibrous tissue 
growing through the interstices of the syn- 
thetic wall. Fig. 5, B, demonstrates that new 
blood vessels grow through the interstices 
of the synthetic graft ‘from the outer capsule 
into the inner fibrous capsule. The latter is 
termed by some workers “neointima” or 
‘“pseudointima.” We prefer the term “inner 
fibrous capsule” because this layer is com- 
posed of scar tissue. With time and matura- 
tion of this scar, the capillaries growing 
through the interstices of the synthetic graft 
become choked off, which leads to degener- 
ation of the inner fibrous capsule. This is 

the normal pathogenesis of maturing cicatrix 

throughout the body, with the exception 
that in the blood vessel wall, absorption of 
dead and dying tissue of the inner fibrous 
capsule is difficult. Such tissue therefore 
accumulates and undergoes hyaline degen- 
eration and frank necrosis as demonstrated 
in Fig. 5, C. At this stage 2 layers of inner 
fibrous capsule are definitely formed, a basal 
layer of degenerate fibrous tissue and an 
inner layer adjacent to the lumen which is 
often not necrotic because of a longitudinal 
network of blood vessels supplied by ad- 
jacent intact areas of inner capsule. Fig. 5, 
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D, demonstrates what happens in a graft of 
a very low porosity material in which re- 
organization through the interstices of the 
synthetic material is delayed because of the 
tightness of the mesh. This degenerate fibrous 
tissue does not readily become absorbed, but 
precipitates calcium salts which are deposited 
within the lumen of the graft material. This 
particular graft was constructed of a fine- 
mesh Teflon. 

When degeneration of the inner fibrous 
capsule occurs over a significantly wide area, 
full-thickness necrosis results (Fig. 6). This 
can lead to slough with distal embolization 
of the inner capsule as well as to production 
of injury currents’ with the accumulation 
of mural thrombus on the inner surface of 
the graft. Such thrombus can become pe- 
dunculated or embolize, but most often it 
forms a_ stenosing septum which shows 
progression to complete obstruction. 

Fig. 7, A, demonstrates what occurs in a 
graft of very high porosity. This is a graft 
of fiber glass in which degeneration and 
reorganization through the large interstices 
of the graft material occurred so rapidly that 
calcification was prevented. An inner fibrous 
capsule is shown with scattered patches of 
degeneration and new granulation tissue 
which replaces these patches. None of the 
glass grafts showed calcification. Fig. 7, B, 
however, shows that full-thickness necrosis 
of the inner capsule is not necessary to pro- 
duce mural thrombosis and septum forma- 
tion. A local patch of degeneration close to 
the graft material induces injury currents‘ 
which are transmitted, apparently by a con- 
densor effect, to the luminal surface of the 
graft with the accumulation of mural 
thrombus and septum formation. Fig. 7, C, 
is a photomicrograph of a graft constructed 
of metallic lead from the thoracic aorta of 
a dog in the region of an interstice. In this 
area it can be seen that the inner capsule 
is calcifying and that in the adjacent outer 
capsule there is an intense inflammatory re- 
action composed of foreign-body giant cells. 
Fig. 7, D, is a photomicrograph in another 
location of the same graft constructed of 
metallic lead in an area where there is no 
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inner fibrous capsule. It apparently had 
sloughed. It is to be noted that the outer 
fibrous capsule in this location does not con- 
tain any inflammatory foreign-body giant- 
cell reaction, which demonstrates that it is 
not the biological reactivity of the material 
per se that governs the inflammatory re- 
sponse in the host, but rather the degener- 


Fig. 3. Graft of narrow-loom crimped Teflon tube 
285 days after implantation into the thoracic 
aorta of a growing pig. Note the marked ac- 
cumulation of calcium salts in the inner capsule 
adjacent to the graft material. (From S. A. Weso- - 
lowski.?): 


Fig. 4. Aortogram of a dog which had a metallic 
lead graft in the thoracic aorta for 7 months. 
(From S. A. Wesolowski.?) 
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Fig. 5. A, Edwards-Tapp nylon grafts which were in pig thoracic aorta for A, 10 days 
(x100); B, 33 days (*250); and C, 75 days (x40). D, Brown Teflon graft (Hufnagel) which 
was in pig thoracic aorta for 200 days (x33). (Hematoxylin and eosin; reduced 1.) (From 


S. A. Wesolowski.?) 


ative changes in the scar tissue produced by 
the host itself. 


Fig. 8 is a graph which correlates the 
physical porosity of the material with calci- 
fication. Each point of the plot is a letter 
which is the initial of the graft material of 
the particular series represented by each 
point. It is to be noted that the T’s (Teflon) 
and D’s (Dacron) are interspersed and fall 
very close to a curve line which represents 
an inverse relationship. At the zero calcifi- 
cation end of the scale the materials are 
very porous, whereas on the maximal cal- 
cification end of the scale the materials are 
only slightly porous. Extrapolation of this 
curve back to the zero calcification line 
demonstrates that the corrected porosity 
figures for the glass grafts, which exhibited 
no calcification, plot close to the extrap- 
olated intersect at a water porosity of ap- 
proximately 5,000 ml. of filtered water per 
minute per square centimeter of fabric at a 


pressure head of 120 mm. Hg. This is a 
water porosity greater than that of any of 
the graft materials used clinically. 

As a result of this study we have formu- 


Fig. 6. Hand-sewn Vinyon-N graft (Karlson) 
which was in pig thoracic aorta for 7 months. 
(Hematoxylin and eosin; x20; reduced 4%.) (From 
S. A. Wesolowski.? ) 
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Fig. 7. A, Hand-sewn fiber glass graft (Meadox) which was in pig thoracic aorta for A, 1 year 
(x25), and B, 7 months (x20). C, Multiperforated metallic lead graft which was in thoracic 


aorta of dog for 7 months (x20). D, Same as C in another area. (Hematoxylin and eosin; 


reduced 41.) (From S. A. Wesolowski.*) 


vascular graft material. (1) The graft ma- 
terial should be nontoxic and nonallergenic. 
(2) The material should be durable and 
should have no significant deterioration upon 
biologic implantation for prolonged periods 
of time. (3) The implantation porosity 
should be less than 50 ml. of. water per 
minute per square centimeter of graft wall 
at a pressure equivalent to 120 mm. Hg; 
below this porosity the material can be im- 
planted into a heparinized patient. (4) The 
biologic permeability should be equivalent 
to a water porosity in excess of 5,000 ml. 
water per minute per square centimeter of 
graft wall at a pressure head of 120 mm. 
Hy. (5) The graft .material should have 
certain other desirable physical properties 
for ease of mechanical handling. The graft 
should be pliable so that diameter discrep- 
ancies can be easily handled during the 
performance of anastomoses. The  gratt 


lated 5 specifications for the ideal synthetic 
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Fig. 8. Graph correlates physical porosity with cal- 
cification of graft. Each letter point shows average 
values for a series of graft implants. Ordinate scale 
is water porosity of graft material in thousands of 
milliliters of filtered water per minute per square 
centimeter of fabric at a pressure head of 120 mm. 
Hg. Calcification index is product of average de- 
gree of calcification for a particular series (0 to 4 
scale) and percentage of grafts in series demon- 
strating calcification. (From S. A. Wesolowski.*) 
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Fig. 9. Photomicrograph of a compound graft ma- 
terial of nonabsorbable Dacron alternated with 
an absorbable collagen derivative fiber in 2 to 1 
ratio in the warp and all-Dacron filling. A, Before 
removal of absorbable fiber, with a porosity of 
37. B, After removal of absorbable fiber, with a 
porosity of 5,460 ml. water per minute per square 
centimeter at 120 Hg. (x22; reduced 4%.) (From 
S. A. Wesolowski.?) 


should also be crimped and _ twistable to 
minimize the occurrence of kinks and graft 
obstructions during implantation through 
subfascial or subcutaneous tunnels. 

Fig. 9 illustrates a new concept for a 
synthetic vascular graft material which 
allows a low porosity on implantation and 
a high porosity upon biological healing. We 
have accomplished this by the use of a com- 
pound fabric which consists of alternating 
strands of a nonabsorbable fiber of polyester 
(Dacron) and an absorbable fiber. We are 
now in the process of testing these com- 
pound fabrics with collagen derivatives as 
the absorbable fiber and will report subse- 
quently on these results. There is an obvious 
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difference in porosity of the compound 
fabric at the time of implantation, when the 
absorbable material is still in place, and afte 
removal of the absorbable material, wher 
the porosity is greater than 5,000 ml. pe: 
minute per square centimeter of fabric. 


SUMMARY 


1. The porosity of synthetic graft ma- 
terials can be determined with adequate 
reproducibility in the laboratory with a con- 
stant head of filtered tap water. 

2. Arterial grafts of all the presently 
available synthetic materials exhibit degen- 
erative changes within the inner fibrous 
capsule which are independent of the ma- 
terial and its biologic reactivity. 

3. Degeneration of the inner fibrous cap- 
sule leads to calcification and/or septum 
formation with graft stenosis. 

4. Calcification can be avoided if the 
porosity of the material is greater than 5,000 
ml. of water per minute per square centi- 
meter of fabric with a pressure head of 120 
ml. of mercury. 

5. New specifications for the ideal syn- 
thetic vascular graft material have been 
enumerated. 

6. The concept of the use of a compound 
fabric which consists of permanent and ab- 
sorbable fibers to produce a graft material 
of initial low implant porosity and a final 
high porosity for high fibroblastic permeabil- 
ity has been described. 
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(For discussion, see page 105.) 
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ein grafts have been the subject of 
numerous experimental studies in the past 
decade" 15 Regardless of the sub- 
stitute employed, most grafts placed in the 
abdominal vena cava have thrombosed.* In 
contrast, grafts in the thoracic vena cava 
have remained patent more frequently.* " 
The reason for this difference is uncertain. 
Thrombosis of vein grafts has usually been 
attributed to the relatively low pressure and 
low flow rate in the venous system. 

A dual consideration prompted an experi- 
mental study of vein grafting in the portal 
system. The basic consideration was to assess 
the influence of the portal venous pressure, 
which is slightly higher than systemic venous 
pressure, on the results of vein replacement. 
Secondarily, we believed successful vein 


grafting in the portal system might have 
useful clinical implications. 


MATERIALS AND METHODS 


Healthy adult mongrel dogs which weighed 
12 to 14 kilograms were used. Anesthesia 
was induced intravenously with thiopental 


_or pentobarbital, and an endotracheal tube 


and mechanical respirator were utilized. The 
grafting procedures were performed with 
aseptic technique through a right thoraco- 
abdominal incision. Two types of grafting 
procedures were performed, (1) interpola- 


Read at the Twenty-second Annual Meeting of the So- 
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Experimental vein grafting in the 


portal venous system 


tion of a graft into the portal vein, and (2) 

placement of a shunt graft between the 
portal vein and inferior vena cava. A con- 
tinuous everting suture, interrupted in 3 or 
4 places, of No. 5.0 arterial silk was used in 
all the anastomoses. Postoperatively the 
animals were fed standard kennel rations 
and water ad libitum. Portal pressure was 
measured and portography performed at | 
week and 1, 2, 3, 7, and 14 months. An 
autopsy was performed on each animal 
which died or was sacrificed. 

Group I. Portal vein grafts. In 31 animals 
the portal vein was divided and a 4 cm. 
graft interpolated (Fig. 1). At operation, 
heparin sodium (15 mg.) was injected into 
the splanchnic extremity of the portal vein 
immediately after application of the occlud- 
ing clamp. Three types of grafts were uti- 
lized, (1) fresh autologous jugular vein, (2) 
fresh homologous thoracic inferior vena cava, 
and (3) crimped woven Teflon,* one-fourth 
to three-eighths of an inch in diameter. After 
operation each animal received 500 ml. of 
normal saline solution intravenously and lost 


blood was replaced quantitatively. Each 


animal received penicillin and streptomycin 
for 1 week. The animals were divided into 2 
subgroups. 

Subgroup IA. Homologous and autologous 
portal vein grafts. Fifteen homologous and 
4. autologous vein grafts were implanted in 
the portal veins of 19 dogs. Seven animals 


*Procured from C. R. Bard. Inc., Summit, N. J. 
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Fig. 1. Sketch of a graft implanted in the portal 
vein. 


with homologous grafts served as controls 
and received no treatment in addition to 
that outlined above. Twelve animals, 4 with 
autografts and 8 with homografts, were given 
heparin sodium (3 mg. per kilogram of body 


weight) in the postoperative saline infusion. — 


Clotting time was determined every 4 hours 
during the next 24 hours, and sufficient 
heparin sodium was injected by the deep 
subcutaneous route to keep the clotting time 
above 30 minutes. Thereafter, heparin 
sodium (2 mg. per kilogram of body weight) 
was administered every 8 hours for 1 week. 

Subgroup IB. Teflon prosthetic portal vein 
grafts. By che technique outlined, a three- 
eighths inch woven Teflon prosthesis was 
implanted in the portal vein of 12 animals. 
Six animals served as controls and the other 
6 received the heparin regimen outlined for 
Subgroup IA. 

Group II. Portacaval shunt grafts. In 13 
animals portacaval shunts were constructed 
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by insertion of a homologous vein graft o1 
Teflon prosthesis between the side of th: 
portal vein and inferior vena cava (Fig. 2) 
The grafts, 4 cm. in length, were homol- 
ogous thoracic vena cava in 8 animals and 
woven crimped Teflon (three-eighths inch) 
in 4 animals. Partial-occlusion clamps were 
applied to the portal vein and inferior vena 
cava during construction of the anastomoses. 
After completion of the shunt the portal vein 
was doubly ligated and divided at the level 
of the hilum of the liver. Pressures were 
measured in the inferior vena cava and 
portal vein before, during, and after the 
procedure. No special postoperative care 
was given any of the animals (specifically, 


heparin, antibiotics, and intravenous fluids — 


were not administered). 


RESULTS 


Group I. Portal vein grafts. This group 
was composed of 31 dogs in which a graft 
was interpositioned end-to-end into the 
portal vein. 

Subgroup IA. Homologous and autologous 
vein grafts. Table I shows the results obtained 
with the vein grafts. One operative death 
occurred as the result of bleeding secondary 
to technical difficulties. All of the other 
animals survived the operative procedure. In 
the heparin-treated animals all grafts, both 
homologous and autologous vein, remained 
patent throughout the period of observation. 
In contrast, 5 of the 7 control animals died 
within 18 hours from thrombosis of the 
erafts. There were 2 survivors with patent 
grafts in the control group. 

In the 13 surviving animals, portal pres- 
sure measurements were within normal limits 
throughout the follow-up period. The serial 
portograms showed no evidence of thrombosis 
or stenosis of the grafted segment (Fig. 3). 
In some animals portography showed a slight 
indentation at a suture line, which demon- 
strated no evidence of progression on sub- 
sequent portograms (Fig. 3). A few animals 
were sacrificed at varying time intervals. 
Photographs and pertinent tissue studies were 
obtained. These examinations showed patent 
grafts with a smooth intimal lining and no 
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Table I. Homologous and autologous vein grafts 


99 


Date of Portal vein Roentgeno- 
operation occlusion time | Portal pressure* graphic and 
Dog. No. (1959) (min.) (range) autopsy findings* | Survival time 

Homograft: heparin therapy 

171D Aug. 31 48 130-200 Patent 12 mo. 

204D Sept. 10 40 140-290 Patent Living 

267D Oct. 6 43 200-290 Patent 47 days 

278D Oct. 12 Died} 

284D Oct. 14 40 120-200 Patent 10 mo. 

300D Oct: 20 58 140-190 Patent Living 

316D Oct. 23 36 140-230 Patent Living 

335D Oct. 28 46 150-200 Patent Living 
Autograft: heparin therapy 

144D Aug. 17 58 140-280 Patent 12 mo. 

854C Nov. 30 56 140-280 Patent Living 

382D Dec. 1 52 140-180 Patent 9 mo. 

384D Dec. 2 58 150-170 Patent 9 mo. 
Control group—-homograft: no heparin ’ 

280D Oct. 13 36 — Thrombosed 10 hr. 

393D Oct. 19 50 — Thrombosed 5 hr. 

324D Oct. 26 35 — Thrombosed 10 hr. 

848C Oct. 30 35 130-300 Patent Living 

339D Nov. 2 40 120-200 Patent 72 days 

349D Nov. 4 36 — Thrombosed 12 hr. 

274D Oct. 7 46 -- Thrombosed 18 hr. 


+Operative death due to bleeding. 


evidence of stenosis or thrombosis of the 
graft (Figs. 4 and 5). Elastic tissue stains 
revealed a substantial elastic tissue layer in 
the grafts, and in the autografts the muscular 
layer persisted. 

The 6 remaining animals have now been 
observed for from 14 to 16 months. The 
grafts in these animals remain patent with- 
out evidence of stenotic occlusion or de- 
generation as judged by portography (Fig. 
3). 

Subgroup IB. Teflon prosthetic portal vein 
grafts. The results obtained with implanta- 
tion of synthetic prosthesis into the portal 
veins are summarized in Table II. The 
grafts in the control animals (no heparin 
therapy) uniformly failed. In each of these 
6 animals thrombosis of the graft and death 
occurred in less than 18 hours. In the 6 
animals treated with heparin, the prosthesis 
thrombosed in 3 and remained patent in 3. 
However, 2 of the animals with patent pros- 
thesis died within 1 week, one with broncho- 
pneunonia on the fourth postoperative day 
and ‘he second with anesthesia at the time 


*Portography and portal pressures at approximately 1, 3, 7, and 14 months. 
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Fig. 2. Sketch of a portacaval shunt graft and a 
graphic representation of the portal and inferior 


vena caval (I.V.C.) pressures before, during, and 
after the shunting procedure. 
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Fig. 3. Portograms made approximately 1, 7, and 
14 months after implantation of 3 homologous 
vein grafts (A, B, and C) and a Teflon prosthesis 
(D) in the portal vein. Note that mild changes 
at the suture lines remain fairly constant. 


of the first portogram. Each graft was patent. 
The remaining animal with a patent portal 
vein prosthesis has now been observed for 
14 months. The periodic portograms have 
shown continued patency without evidence 
of progressive stenosis or narrowing (Fig. 
3). Mild narrowing at the proximal suture 
line was noted on the first portogram and it 
remained constant on subsequent examina- 
tions. Portal pressure has remained in the 
range of normal. 

Group II. Portacaval shunt grafts. Eight 
of the 9 homologous vein shunts remained 
patent throughout the period of observation 
(Fig. 6). The single instance of thrombosis 
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occurred sometime after the first portogram. 
All 4 of the Teflon shunts remained patent 
(Fig. 7). The pressure difference between 
the portal vein and inferior vena cava ranged 
from 40 to 140 ml. of water. Postoperative 
portal venous pressures and other findings 
are summarized in Table III. In the post- 
operative period these animals became 
anorexic and lethargic and began losing 
weight. Progressive wasting and _ inanition 
culminated in death 32 to 70 days later. 
Survival time averaged 50 days. At autopsy 
the liver was found to be small and of 
brownish color. All the shunt grafts except 
one were patent, had a smooth intimal 
lining, and showed no evidence of thrombus 
formation or suture-line stenosis (Figs. 8 
and 9). Histologic studies showed varying 
stages of hepatic parenchymal deterioration 
ranging from acute fatty infiltration to 
fibrosis. The homologous vein grafts con- 
tained a well-preserved elastic tissue layer 
and smooth intima. Each prosthetic graft 
had a fibrous layer surrounding it and a 
complete, smooth “intimal” lining. The lungs 
of most of the animals showed pathologic 
changes ranging from bronchopneumonia to 
pulmonary edema. 


COMMENT 


In the past decade numerous studies of 
experimental vein grafting have been re- 
ported, and from these studies a general 
pattern of results has emerged. Grafts placed 
in the abdominal vena cava or jugular or 
femoral veins have usually become throm- 
* An exception has been the 
venous autograft with which conflicting re- 
sults have been obtained. Bryant,” Bower,’ 
and Schauble’’ and their associates have re- 
ported a high incidence of patency (75 to 
80 per cent) with autogenous vein replace- 
ments of the abdominal vena cava or jugular 
vein, while Jones,’ Deterling,’ and Collins’ 
and their co-workers found that thrombosis 
usually occurred in autogenous veins placed 
in the inferior and superior venae cavae i! 
the period of observation was _ sufficiently 
long. Replacement of the thoracic vena 
cava has yielded quite different results. A 
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high incidence of continued patency has 
been reported with fresh aortic homografts 
and with Teflon prosthesis.“ '! Grafts of 
these types implanted in the abdominal vena 


cava have invariably thrombosed. 


For the purposes of discussion, failure of 
vein grafts may result from either early 
thrombosis or late fibrous tissue occlusion. 
Early intraluminal thrombosis is usually at- 
tributed to operative trauma, low pressure, 
low flow rate, and host reaction to the graft. 
Late occlusion is generally due to gradual and 
progressive constriction by scar tissue at the 


Table II. Synthetic prosthesis grafts 
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suture lines. Lack of rigidity of the graft, 
low flow rate, low pressure, and host reaction 
are often cited as playing a role in this 
progressive stenosis. 

A single previous study of interpolation 
of grafts into the portal vein has been found. 
In 1952 Daniel’ reported on a series of dogs 
with Lucite tubes and fresh venous auto- 
grafts implanted in the portal vein. The 
Lucite tubes invariably became thrombosed 
but approximately 25 per cent of the venous 
autografts remained patent. 

In the present study of portal vein graft- 


Portal vein 


Date of operation occlusion time Roentgenographic 
Dog No. (1959) (min.) and autopsy findings Survival time 

Heparin therapy group 

371D Nov. 16 35 Patent 7 days 

375D Nov. 17 35 Patent Living 

377D Nov. 18 34 Patent 4 days 

379D Nov. 18 34 Thrombosed 10 hr. 

917C Nov. 23 38 Thrombosed 8 hr. 

671C Nov. 25 35 Thrombosed Living 
Control group: no heparin 

354D Nov. 5 34 Thrombosed 12 hr. 

358D Nov. 6 26 Thrombosed 10 hr. 

359D Nov. 9 35 Thrombosed 6 hr. 

387D Dec. 3 38 Thrombosed 8 hr. 

918C Nov. 23 32 Thrombosed 9 hr. 

978C Nov. 24 30 Thrombosed 9 hr. 


Table III. Portacaval shunt grafts 


| Preshunt pressures 
Date of (mm./H.0) portal Roentgeno- Survival 
operation Inferior Portal pressures graphic time Status at 

Dog No. (1959) vena cava vein (range) findings* (days) autopsy 

Homologous vein graft group 
393D Dec. 7 120 200 110-250 Patent 42 Patent 

394D Dec. 9 110 150, 180-240 Patent 46 Patent 

' 397D Dec. 10 115 180 140-260 Thrombosed+ 35 Thrombosed 
400D Dec. 11 110 160 115-190 Patent 45 Patent 
405D Dec. 14 100 150 130-200 Patent 32 Patent 
412D Dec. 15 90 230 220-240 Patent 45 Patent 
413D Dec. 15 100 150 130-240 Patent 63 Patent 
415D Dec. 18 110 240 140-175 Patent 70 Patent 
928C Dec. 16 90 150 130-230 Patent 38 Patent 

Prosthetic graft group 
417) Dec. 21 100 150 100-160 Patent 56 Patent 
420D Dec. 22 190 230 95-200 Patent 42 Patent 
421D Dec. 23 130 180 140-240 Patent 63 Patent 
9380; Dec. 18 100 170 130-230 Patent 70 Patent 
*Portography at 1 and 5 weeks. 


*Patent at 1 week, found thrombosed at final portography. 
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Fig. 4. Gross specimen (A) and photomicrograph 
(B) of an autologous vein graft 9 months after 
implantation in the portal vein. Muscular and 
elastic layers of the autogenous vein graft are 
clearly visible. Suture line is visible near top, im- 
mediately beneath intima. 


Fig. 5. Gross specimen (A) and photomicrograph 
(B) of a homologous vein graft 10 months after 
implantation in the portal vein. Note the elastic 
layer condensation and absence of the muscular 
layer. Suture line is visible. 


ing several facts have emerged which may be 
of importance in the general problem of 
vein grafting. Despite a meticulous technique 
of implantation, venous homografts and 
Teflon prosthesis placed in the portal vein 
usually became thrombosed in a few hours 
unless a vigorous anticoagulant regimen was 
provided. This observation differs from the 
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experience reported with vena caval graits, 
in which a significant percentage of the 
grafts, even though they ultimately failed, 
remained patent for a few weeks or even 
months without anticoagulant therapy." * ‘ 
This raises the question proposed by Dale’ 
of whether or not most vein grafts initially 
thrombose and then recanalize. This question 
could only be answered by repeated, fre- 
quent phlebography. However, the portal 
system is not really suitable for testing the 
thrombosis-recanalization hypothesis because 
acute thrombosis of the canine portal vein 
is almost invariably lethal and an oppor- 
tunity for recanalization does not exist. The 
possibility that thrombosis and recanalization 
set the stage for late scar-tissue occlusion 
of vein grafts in the systemic venous system 
deserves consideration. 

The heparin regimen employed in the 
present study was vigorous and would cause 
concern if used clinically. However, the 
purpose was to counteract any local clotting 
tendency which might accompany vein 
grafting, and meticulous hemostasis obviated 
postoperative bleeding as a problem. After 
1 week no additional heparin was given. 
The results of this plan support the belief 
that a critical time period exists beyond 
which anticoagulant protection is not re- 
quired. Every graft, regardless of type, that 
was patent at 1 week remained patent for the 
balance of the study. This includes 12 long- 
term observations of from 9 to 16 months. 

These long-term results are strikingly dif- 
ferent from the results reported with grafts 
in the systemic venous system in which a 
high incidence of delayed stenotic occlusion 
has been observed." * 15 The only ap- 
parent environmental and technical differ- 
ences in the present study are the slightly 
higher venous pressure (average 66 mm. 
H.O) which exists in the portal system, and 
the use of anticoagulant therapy. It might 
be reasonable to assume that the heparin 
therapy provides protection during the time 
required for a smooth lining to cover any raW 
or rough areas in a grafted segment. Further 
more, this protection may have both i 
mediate and long-range beneficial effects. It 
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would be of interest to test this concept in 
a series of systemic venous grafts with the 
same intensive heparin regimen. 

A previous experimental study of porta- 
caval shunt grafts was reported by South- 
wick’* in 1950. He described the use of pre- 
served arterial homografts in the creation of 
portacaval shunts in dogs. All the grafts 
followed more than 6 weeks became throm- 
bosed. ‘There have been 3 clinical reports of 
the use of autogenous vein grafts in the con- 
struction of portal-systemic venous shunts. 
Six portacaval shunts and 7 splenorenal 
shunts were described.'* 14 1* There were 2 
deaths in the early postoperative period; at 
autopsy the grafts were patent. Two pa- 
tients had recurrent esophageal bleeding in 
less than 1 year. The other 9 patients re- 
mained well during a maximum follow-up 
period of 15 months. However, only 2 
grafts had been assessed by portography; 
they were patent. 

The most striking single feature of the 
present study consisted of the comparative 
results obtained with portal vein grafts and 
portacaval shunt grafts. Successful portal 
vein grafting required intensive postoperative 
anticoagulant therapy. Furthermore, this 
success was limited to the autologous and 
homologous vein grafts; 50 per cent of the 
synthetic prostheses became thrombosed. In 
sharp contrast, almost uniform success (93 
per cent) was obtained with homologous 
veins and synthetic prostheses as portacaval 
shunt grafts without postoperative anti- 
coagulant treatment. The gradient of pres- 
sure (average 66 mm. H.O) between the 
portal vein and the inferior vena cava 
seems to be the only explanation for this 
difference. Portal pressure remained es- 
sentially unchanged during the follow-up 
period. The pressure differences undoubtedly 
reflect variations in blood flow. Actually the 
creation of a portacaval shunt diverts blood 
from a relatively high-resistance system to 
a relatively low-resistance system. Blood flow 
rates and vascular resistance undoubtedly 
played important roles in the results of this 


study; however, we have no data on these 
factors. 
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There seems to be a conflict between data 
obtained in this study and work of Bryant? 
with vein grafts placed adjacent to an in- 
duced arteriovenous fistula. Bryant ingeni- 
ously demonstrated that if an arteriovenous 
fistula was created proximal to a synthetic 
vein graft placed in the canine femoral vein, 


Fig. 6. Portograms in 3 animals made 1 (A) and 
5 (B) weeks after creation of a homologous vein 
portacaval shunt. 


Fig. 7. Portograms in 3 animals made 1 (A) and 
5 (B) weeks after creation of a Teflon prosthetic 
portacaval shunt. 
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Dog 928-C 


Fig. 8. Portogram (A) and photograph of gross 
specimen (B) which show homologous vein porta- 
caval shunt. D.P.V., Portal vein at the level of 
ligation; P.P.V., splanchnic limb of portal vein: 
PIV.C., caudal inferior vena cava; and D.I.V.C., 
cephalad inferior vena cava. Cava and graft have 
been divided sagittally. 


DOG 420-D 


Fig. 9. Portogram (A) and photograph of gross 
specimen (B) which show Teflon prosthesis porta- 
caval shunt. P.J.V.C., Cephalad inferior vena cava: 
D.I.V.C., caudad inferior vena cava; P.P.V., portal 
vein at level of ligation; and D.?.V., splanchnic 
limb of portal vein. Cava and graft have been di- 
vided sagittally. 


the graft remained patent. However, if the 
arteriovenous fistula was created distal to the 
synthetic vein graft, thrombosis invariably 
occurred. With the fistula proximal to the 
graft the pressure in the grafted segment 
measured 500 to 600 mm. H.O, while with 
the fistula distally located the pressure was 
150 to 200 mm. H.O. The present study 
indicated that a pressure gradient of only 
66 mm. H.O was sufficient to maintain 
patency of portacaval shunt grafts. The con- 
flicting results may be explained by the 
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relative diameter of the vessels involved aid 
the grafting material used. 

It is unfortunate that a long period of 
observation was not possible for the porta- 
caval shunt grafts. Six to 10 weeks after the 
creation of the shunt the animals all died. 
This steady wasting of dogs with an Eck 
fistula has been noted previously on many 
occasions.” If one can extrapolate the 
experience with the portal vein grafts, then 
continued, long-term patency of the shunt 
grafts might be expected if a normally 
functioning liver could be maintained. 
Further investigation will be required to 
determine whether or not this assumption is 
justified. 

Many questions concerning portal vein 
grafts, portacaval shunt grafts, and vein 
grafts in general remain to be answered. 
Long-term observations on portacaval shunt 
grafts are needed. A study of relatively long- 
segment grafts, 10 to 15 cm. in length, placed 
in the portal vein or used as shunt grafts 
would be of interest. Heparin therapy in 
conjunction with systemic vein grafting de- 
serves consideration. These and other ques- 
tions are the subject of continuing study. 


SUMMARY 


The feasibility of successful autologous 
or homologous vein grafting in the canine 
portal vein has been demonstrated. An in- 
tensive regimen of heparin therapy was re- 
quired to prevent early thrombosis. Late 
stenosis or occlusion of the graft was not 
encountered in the 9- to 16-month follow-up 
period. 

Almost uniform success (93 per cent) was 
obtained with homologous vein and woven 
Teflon prosthesis grafts used in the con- 
struction of portacaval shunts. Heparin 
therapy was not required in these animals. 

The relatively higher venous pressure in 
the portal vein is presumed to be the es- 
sential factor in the superior performance ol 
the long-term portal vein grafts. 

The pressure gradient between the portal 
vein and abdominal vena cava is thought 
to be responsible for the excellent results 
obtained with portacaval shunt grafts. 
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DISCUSSION* 


Dr. William Blakemore (Philadelphia, Pa.). We 
are indebted again to this group for presenting 
the characteristics of the cloth mesh prostheses, 
which reminds me that Dr. Sawyer provided the 
data that we used in setting up a bank for homo- 
grafts about 9 years ago. Their report also 
emphasizes the fact that we should state in detail 
the characteristics of cloth mesh prostheses in 
our clinical reports. When we went back to report 
our first 250 cases of homografts, it was difficult 
to find out from the literature the methods of 
processing the grafts and to evaluate the results 
for these procedures. I am sure it is going to be 
even more difficult to evaluate the long-term fol- 
low-up results from reports of the use of cloth 
mesh prostheses which do not always provide de- 
tails of the material used. The results in this 
report give us some of the criteria for what should 
be included in publications of clinical experience 
in order to permit evaluation of results reported 
from various centers where there is particular 
interest in these problems. 

Dr. William G. Anlyan (Durham, N. C.). I 
want to compliment Dr. Foster and his colleagues 
on their excellent results. We have been interested 
in the problem of vein grafts also and some of our 
work has been published previously. Our results 
with venous autografts inserted into the femoral 
and jugular veins of mongrel dogs showed better 
than 85 per cent patency. However, with pros- 
thetics (nylon, Dacron, Teflon, and Merselene), 
none of 66 grafts inserted in the jugular and 
femoral veins were patent. We did not use anti- 
coagulant or fibrinolytic agents. We should ex- 
plore further the more favorable conditions out- 
lined by Dr. Foster. 

Dr. George L. Jordan, Jr. (Houston, Texas). 
Dr. Wesolowski is to be congratulated for his ex- 


“tensive work on this subject. As many of you 


know, he is publishing a monograph which will 
document his observations in more detail. In his 
monograph he takes a strong stand for the use of 
the growing pig as the best experimental animal 
and presents data to indicate its advantages in 
comparison to the dog. As a result we are now 


*Discussion of papers by Wesolowski, Fries, Karlson, De 
Bakey, and Sawyer; and Symbas, Foster, and Scott. 
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using some of these squealing beasts in our labo- 
ratory, although in the past we have preferred the 
dog as an experimental animal. We have studied 
many of the materials reported by Dr. Wesolowski 
and we have independently arrived at some of the 
same conclusions concerning the desirability of 
proper porosity. Tightly woven Teflon grafts may 
develop ulceration and separation of the neointima 
or “inner capsule,’ whereas more porous grafts 
demonstrate ingrowth of fibrous tissue between 
interstices which allows good adherence of the 
inner and outer fibrous capsules. 

Dr. Thomas C. Moore (Muncic, Ind.). I want 
to compliment Dr. Foster and his associates on 
their interesting study. We have been interested 
in this problem of venous replacement with 
synthetic grafts for some time and have had 
very encouraging results in superior vena caval 
replacement. In the last 50 consecutive animals 
we have had a patency of 86 per cent. The re- 
placements included Teflon grafts of all sizes, 
large and small, ranging from five-sixteenths of an 
inch to three-fourths of an inch in diameter. We 
found that the grafts which remained patent be- 
yond the early days after operation had a tendency 
to remain patent thereafter. 

We also had good results in replacement of 
the pulmonary artery. Our attempts to create a 
shunt between the inferior vena cava and _ the 
right pulmonary artery were uniformly un- 
successful. Apparently, the pressure gradient was 
too great and these grafts uniformly became oc- 
cluded. We also have attempted to make some 
experimental shunts between the portal system 
and the systemic. We had hoped that a more rigid 
type of graft might be more successful in this 
area. However, of 8 very rigid and relatively long 
Teflon grafts from the portal vein to the right 
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atrium, through the diaphragm, we found tiat 
only 1 remained patent. 

Dr. Sigmund A. Wesolowski (closing). Firs’, | 
would like to comment about grafts into the 
venous system. In a previous study, conducted by 
Lester Sauvage at Walter Reed Army Medical 
Center, we noted that in the preparation of the 
growing pig the most successful graft to replace 
defects in the thoracic inferior vena cava was the 
autologous vein, which proved superior to homol- 
ogous vein, homologous aorta, and Orlon tubes. 

I would like to thank Drs. Blakemore and 
Jordan for their comments and would like to 
emphasize that we are of the opinion that for 
the screening of the biological fate of vascular 
graft materials, the use of the dog is archaic. The 
dog is a readily available animal for screening 
the mechanical problems of graft implantation and 
the short-term fates of grafts. However, we 
strongly recommend the use of the growing pig 
for the rapid assessment of the equivalent long- 
term biological fate of any vascular graft material. 

Dr. John H. Foster (closing). We wish to thank 
Dr. Anlyan and Dr. Moore for their discussion 
and remarks. We have followed the work of both 
of these investigators in the field of vein grafting 
with interest and appreciation. I should like to 
record the fact that although I presented this 
paper, Dr. Symbas is deservedly the first author. 
Low molecular weight dextran has been referred 
to in presentations given earlier this morning. The 
Swedish workers, especially Dr. Lars-Erik Gelin, 
have stimulated our interest in the influence of 
this substance on blood viscosity and vascular 
thrombosis. Current work indicates that low 
viscosity dextran is helpful in the prevention of 
thrombosis after vein grafting. 


2 I 
n 
0 
St 
u 
th 
th 
ti 
st 
Cz 
ol 
et 
hi 
of 
sy 
ca 
ne 
mi 
pit 
CO; 
tol 
mt 
: the 
thi 


JAMES D. HARDY, M.D. 
FIKRI ALICAN, M.D. 
JACKSON, MISS. 


From the Department of Surgery and University 
Hospital, University of Mississippi Medical 
Center 


schemic gangrene is usually due to or- 
ganic vascular occlusion. Nevertheless, it has 
become increasingly apparent that ischemic 
necrosis of tissue can occur in the absence 
of actual organic occlusion of the arterial 
supply. The mechanisms by which the blood 
supply to the tissue in question may be re- 
duced below the critical level necessary to 
sustain viability are multiple. The purpose 
of this report is to emphasize conditions 
under which gangrene may be produced in 
the absence of actual organic occlusion of 
the major nutrient arteries. Without ques- 
tion, additional groups of etiologic circum- 
stances will be described in the future. The 
case reports to be presented include those 
of 3 patients who sustained shock of varied 
etiology and that of 1 patient who probably 
had ischemia of the bowel after resection 
of coarctation of the aorta. The possible 
synergistic effects between endotoxin and the 
catecholamines in the production of tissue 
necrosis will be considered. 


CASE REPORTS 


Case 1. Incipient bowel necrosis after resection 
of coarctation of the aorta. An_ 11-year-old 
Minister's son was admitted to the University Hos- 
pital on July 4, 1956, with the diagnosis of 
coarctation of the aorta. The parents had been 
told years before that the boy had a heart mur- 
mur, and his mother had noted from birth that 
the heartbeat was quite forceful. He often had 
throbbing headaches and cramps in the leg muscles 
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after running. He complained that his feet often 
“went to sleep” and he slept with socks on. The 
family physician had recommended an_ aortic 
operation, but this had been declined by the 
parents until an episode of coma occurred, prob- 
ably due to hypertensive encephalopathy after 
hard exercise on a hot day. 

Physical examination. The presence of mod- 
erate hypertension in the arms with hypotension 
and weak pulses in the legs was confirmed. The 
chest radiograph showed notching of the ribs as 
well as an aortic shadow compatible with coarcta- 
tion. 

Operation. A left thoracotomy was performed 
on July 6, 1956, and the coarcted segment of the 
aorta was resected. This was followed by primary 
end-to-end anastomosis. Bounding foot pulses were 
present immediately thereafter. 

Postoperative course. The postoperative course 
was remarkable because of excessive tachycardia 
associated with a febrile response. The pulse rate 
promptly rose to 140 from the preoperative rate 
of 80, and this level persisted for 2 days. The nor- 
mal rate was not regained for almost 4 days. Dur- 
ing this time the patient exhibited increased 
hypertension, an anxious expression, circumoral 
pallor, and excessive sweating. A prominent com- 
plaint was of abdominal pain, tenderness, and 
distention, the cause of which was not clear. Grad- 
ually these symptoms, reminiscent of those of 
epinephrine. intoxication, subsided. The blood 
pressure in the arms declined to a normal level 
and that in the legs rose to exceed the pressure 
in the upper extremities, as measured with the 
sphygmomanometer. 

Comment. At the time this patient was operated 
upon we were not familiar with the so-called post- 
coarctation syndrome. However, in 1954 Lober 
and Lillehei!® had described panarteritis after 
repair of coarctation of the aorta. Sealy and his 
associates?* later offered information which sug- 
gested that paradoxical postcoarctation hyperten- 
sion associated with necrotizing arteritis? might 
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Fig. 1. Gangrene of the third, fourth, and fifth toes secondary to shock during diabetic coma. 
Superimposed vasospasm due to arterial and venous trauma may have accounted for the 
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selective involvement of the right foot. Peripheral gangrene secondary to shock is usually 


bilateral and symmetrical. 


be due to an increase in norepinephrine elabora- 
tion. They reported a case of gangrene of the 
bowel after resection of coarctation of the aorta, 
and suggested that this gangrene might be sec- 
ondary to severe vasospasm produced by elevated 
catecholamine levels. Similar cases were reported 
by others.'8 29, 22,24 In describing particularly 
striking case, Cooley’ concluded that the arterial 
changes were most probably secondary to a sudden 
increase in the blood pressure distal to the site 
of the previous coarctation. He pointed out that 
the arteries proximal to the level of coarctation 
were little affected, and that the relatively poor 
support of the walls of the mesenteric arteries 
rendered these vessels particularly vulnerable to 
the sudden increase in intraluminal pressure after 
repair of the coarctation. 

There can be little doubt that the arteritis, 
however produced, is often associated with varying 
degrees of arteriospasm. Thus, the postcoarctation 
syndrome represents a circumstance in which 
arteriospasm may contribute significantly to the 
development of ischemia. 

Case 2. Gangrene secondary to prolonged shock 
in diabetic coma. A 9-year-old girl was admitted 
to the University Hospital on Dec. 15, 1959, in 
diabetic coma. She was severely dehydrated and 
the blood pressure had been unobtainable for 
hours. A blood specimen was drawn from the right 
femoral artery, and a blood transfusion was started 


through the right saphenous vein by means of a 
cut-down at the ankle. After several additional 
hours of hypotension an adequate blood pressure 
was restored by the intravenous therapy and cor- 
rection of the metabolic acidosis. The patient had 
received no vasopressor drug. 

Two days after admission the patient com- 
plained of pain in the right foot. It was then 
noted for the first time that there was marked 
discoloration of the skin overlying the third. 
fourth, and fifth toes as well as a portion of the 
plantar surface (Fig. 1). Although the dorsalis 
pedis and posterior tibial pulses were still present 
bilaterally, as they had been on admission, therapy 
was ineffectual in preventing gangrene and _ these 
digits eventually had to be amputated. 

Comment. Prolonged shock has resulted in 
symmetrical gangrene of the lower extremities on 
numerous occasions.!: 25 In the present case. 
however, only the right leg was involved. Care- 
ful investigation showed only 2 likely causes for 
different degrees of perfusion of the 2 feet. It will 
be recalled that the cut-down was performed on 
the saphenous vein at the right ankle and that 
the right femoral artery was punctured for 4 
blood specimen. The toenails had been deeply 
cyanotic at the time of admission, when the 
patient had been in shock for hours. One may 
speculate that these usually innocuous measures 
performed on the vasculature of the right leg 4 
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a time when blood flow was at a critical level, 
could have produced just that amount of addi- 
tional vasospasm required to cause gangrene. Of 
course, this was a juvenile diabetic patient and it 
is possible that some degree of arteriosclerosis 
existed. Even so, foot pulses were present, the 
wound healing and graft “take” were excellent 
(Fig. 1), and the blood supply of the remaining 
portion of the right foot appeared to be satisfac- 
tory. Thus, the factor of increased arteriospasm 
during shock, when the oxygenation of the low 
volume of blood actually reaching the foot may 
have been poor, must be given serious considera- 
tion as a major factor in the gangrene which 
developed. 

Case 3. Incipient gangrene of the small bowel 
associated with prolonged norepinephrine therapy 
for shock. A 35-year-old man was admitted to 
the Veterans Administration Hospital on Jan. 14, 
1961, in an acute psychotic state. The history 
obtained from relatives was incomplete, but it was 
known that the patient had been on a drinking 
bout for at least 2 days. At one time he had 
complained of abdominal pain, but thereafter his 
psychiatric condition had deteriorated to resemble 
what one observer considered to represent schizo- 
phrenia, catatonic type. 

The laboratory data were not particularly re- 
markable. The white blood cell count was 8,800 
with a normal differential. The patient was ad- 
mitted to the neuropsychiatric ward where the 
blood pressure was found to be 200/120. Pro- 
mazine therapy was started, but after 3 doses 
the blood pressure had fallen to 60/30 and the 
man’s condition appeared to be critical. A Neo- 
Synephrine drip did not produce a satisfactory 
rise in the blood pressure and norepinephrine ad- 
ministration was begun. Such support had to be 
continued for 39 hours before a stable blood pres- 
sure above 106 mm. Hg could be maintained 
without vasopressor drug. 

On Jan. 16, 1961, the patient was transferred 
to the medical ward, where he vomited approxi- 
mately 500 ml. of straw-colored fluid. The ab- 
domen was distended and _ surgical ‘consultation 
was requested on January 17. Additional radio- 
graphs showed findings compatible with small 
bowel obstruction and, after a period of further 
observation and treatment, exploratory laparotomy 
was performed on January 18. Aside from gen- 
eralized bowel distention, the most striking finding 
consisted of multiple, dark, ecchymotic areas along 
the antimesenteric border of the small bowel. 
Although the general appearance of the anti- 
mesenteric border improved somewhat after 
decompression of the bowel by means of enter- 
Ciomy, it was the belief of the surgeon that the 
‘langes in the wall of the small bowel were not 
entirely to distention secondary to adynamic 
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ileus. The condition of the patient slowly improved 
over subsequent days. 

Comment. It was not clear why this patient sus- 
tained such a markedly prolonged hypertensive 
reaction to promazine therapy, but such episodes 
are known to occur. It was believed likely that 
the patchy areas of discoloration along the anti- 
mesenteric border of the bowel were due to the 
combined effects of norepinephrine therapy and 
increased intraluminal pressure due to distention. 
Certainly spasm of the small vessels which supply 
the antimesenteric surface of the bowel would 
further jeopardize the viability of a tissue which 
has blood vessels already peculiarly vulnerable to 
the effects of distention, though paralytic ileus 
alone rarely produces a sufficient degree of dis- 
tention to cause bowel necrosis. 

There is ample record of the fact that excessive 
amounts of vasoconstrictor drugs can result in 
bowel necrosis, as they may in necrosis of the 
liver® and other tissues, such as skin. Brown and 
associates! reported the case of a 61-year-old man 
who received Neo-Synephrine for hypotension asso- 
ciated with postoperative myocardial infarction. 
At postmortem examination there was infarction 
and ulceration of the small bowel with an asso- 
ciated proliferative arteritis of the intramural 
vessels. None of the major vessels supplying this 
bowel were occluded. In another case, in which 
malignant pheochromocytoma with liver metastases 
was producing tremendous plasma |-norepineph- 
rine levels, there was extensive gangrene of the 
bowel in the absence of major vascular occlu- 
sion.* 

Case 4. Perforated ulcer, shock, and incipient 
bowel necrosis. A 73-year-old woman was ad- 
mitted to the University Hospital on Dec. 14, 
1959, with the chief complaint of pain in the ab- 
domen of 5 days’ duration and recent hematemesis. 
She had a long history of peptic ulceration, and 
an episode of gastrointestinal hemorrhage had 
occurred in 1959 for which she had been hos- 
pitalized in her community hospital and had re- 
ceived 2 blood transfusions. The present difficulty 
had begun 5 days prior to admission with cramp- 
ing abdominal pain in the epigastrium associated 
with occasional vomiting. Nevertheless, she had 
not considered herself seriously ill until the last 
24 hours, when she had vomited an estimated 
teacupful of blood. The abdominal pain and dis- 
tention had increased progressively thereafter. 

Physical examination. The blood pressure was 
not audible by stethoscope but was palpated at 
80 mm. Hg systolic. The abdomen was distended 
3 or 4 cm. above the xiphopubic line and tym- 
panitic to percussion, with virtually absent bowel 
sounds. There were no palpable organs or masses 
and rigidity was not marked. Digital examination 
of the rectum yielded negative results, but when 
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Fig. 2. Perforated gastric ulcer, peritonitis, and 
prolonged shock. There was patchy, incomplete 
necrosis of the antimesenteric surface of the 
bowel wall. 


the proctoscope was introduced to a distance of 
10 cm. the rectal mucosa was found to appear 
gangrenous. Roentgenograms of the abdomen 
disclosed distention of the bowel and free air in 
the peritoneal cavity. The apparently necrotic 
colonic mucosa and the large amount of free air 
in the peritoneal cavity were suggestive of volvulus 
of the sigmoid colon with perforation, although 
perforated peptic ulcer was statistically the more 
likely diagnosis, especially in view of the long his- 
tory of peptic ulcer. 

Exploratory laparotomy. Laparotomy was per- 
formed as soon as it was apparent that the blood 
pressure would not be substantially elevated by 
additional intravenous fluid therapy. Actually, the 
blood pressure remained at a shock level. As soon 
as the abdomen had been opened a tremendous 
amount of foul-smelling gas escaped, along with a 
brownish liquid exudate. The primary lesion was 
a 1 cm. perforated gastric ulcer just proximal to 
the pylorus (Fig. 2). There was no evidence of 
an attempt on the part of the omentum to seal 
the defect. A most remarkable additional find- 
ing was the presence of many areas of patchy 
“necrosis” along the antimesenteric border of the 
small bowel and colon. Inasmuch as it could not 
be determined clinically whether or not these 
areas involved the full thickness of the bowel wall, 
and since almost the entire length of the gut was 
intermittently involved, no surgical attack was 
made upon these lesions. The patient died im- 
mediately after operation. . 

Autopsy. A minimum of atherosclerosis of the 
aorta and its branches was found. In fact, the 
pathologist commented that the vessels were sur- 
prisingly elastic for a patient 73 years of age. 
There was marked distention of the stomach and 
small bowel, and the peritoneal covering was found 
to be granular with the exudate described at the 
time of operation. The stomach contained a small 


amount of dark reddish-black blood, as did th» 
small bowel. The colon contained a small amoui.t 
of brownish feces. The mucosa of the entire bowei, 
except for small areas of the colon, was dark 
maroon in color. The mucosa of the mediastin.l 
esophagus exhibited the same changes. In the pre- 
pyloric area of the stomach was noted the re- 
mainder of an ulcer crater, 1.5 cm. in diameter, 
a portion of which had been excised for biopsy 
at the time the ulcer had been closed during 
operation. The microscopic studies showed that 
the changes in the bowel wall consisted largely of 
the focal areas of hemorrhage and impending 
necrosis previously outlined. 

Comment. The extensive changes in the wall 
of the large and small bowel observed were very 
probably due to the prolonged shock which was 
caused by perforation of the gastric ulcer and 
aggravated by distention due to ileus. The bowel 
was not perforated at any point, and the ap- 
parently necrotic spots did not involve the full 
thickness of the wall. Nevertheless, these changes 
were certainly of critical degree and might well 
have permitted escape of endotoxins from the 
bowel lumen to the peritoneal cavity. 

Severe shock due to various causes may be 
associated with hemorrhage into, and even slough 
of, the bowel mucosa. It is of interest to consider 
why the bowel mucosa may be especially vul- 
nerable to ischemia. 

For one thing, the organism reacts to hypoten- 
sion by reducing blood flow to noncritical regions 
of the body, and these noncritical tissues include 
the bowel and the extremities. The arteries and 
arterioles of these organs, as well as of the kidneys, 
are considered to be particularly sensitive to the 
vasoconstrictor effects of the endogenous catechol- 
amines produced to combat shock. Thus, it is per- 
haps not surprising that erythema, hemorrhage, 
and even slough of the intestinal mucosa are not 
rare after prolonged shock—unless the bowel is 
protected by perfusion of the superior mesenteric 
artery with oxygenated blood.14 Moreover, in 
recent years an additional factor has been intro- 
duced. Thomas and associates? published evi- 
dence that endotoxin so sensitizes certain tissues 
to the vasospastic effects of epinephrine (and pre- 
sumably norepinephrine) that local necrosis occurs. 
These workers also found that similar necrosis 
could be produced by the injection of a mixture 
of serotonin and epinephrine into the skin of rats. 
Yet neither serotonin nor epinephrine alone pro- 
duced hemorrhagic necrosis. These observations 
are also supported by reports that the deleterious 
effects of injected endotoxin are lessened by the 
use of sympathetic ganglionic blocking agents such 
as Dibenzyline.!® 

In substance, therefore, the presence of endo- 
toxin-forming bacteria in the lumen of the bowel 
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could conceivably render the intestinal mucosa 
especially susceptible to the possible potentiating 


vasospastic effects of endotoxin and norepineph- ° 


rine in shock. The frequency with which mucosal 
erythema, hemorrhage, and slough are found after 
prolonged shock renders attractive the hypothesis 
that endotoxin-norepinephrine synergism is a pos- 
sible cause of tissue necrosis under appropriate 
circumstances. 


LABORATORY OBSERVATIONS 


Although circulating endotoxin might 
have a vasospastic effect in the presence of 
normal or even reduced norepinephrine 
levels, the possibility of such effects should 
be increased if the injection of endotoxin 
were found to increase the plasma _nor- 
epinephrine levels experimentally. This does 
occur, and illustrative data from our studies 
are presented in Table I. The plasma 
catecholamine levels**:** were determined 
in more than 50 dogs in which profound 
shock was produced by lethal doses of 
E. coli endotoxin. In substance, the majority 
of the animals exhibited a rise in the plasma 
norepinephrine level but little or no rise in 
the epinephrine level. Furthermore, an oc- 
casional dog experienced rises in the plasma 
norepinephrine level which approached 
those found during hypertensive crises due 
to pheochromocytoma (Table I). ‘The more 
frequently blood samples were drawn after 
injection of the endotoxin, the more informa- 
tive was the resulting curve which reflected 
alterations in plasma norepinephrine values. 
At autopsy the dogs exhibited bloody fluid in 
the bowel lumen as well as extensive hemor- 
rhages into the mucosa. 

Clearly, the patient with bacteremia might 
be subjected to markedly elevated levels of 
endogenous norepinephrine. As yet we have 
not had an opportunity to measure plasma 


Table I. Plasma catecholamine levels in 
endotoxin shock: Dog No. 15 (gamma/L.) 


Samples | Epinephrine | Norepinephrine 
Control 0.85 0.32 
! (5 min.) 0.14 3.83 
2 (24 min.) 0 17.35 
5 (45 min.) 0 0.32 
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catecholamine levels patients with 
septicemia, but it is known that such patients 
may exhibit ecchymotic hemorrhages in the 
alimentary mucosa. 


COMMENT 


The ultimate cause of acute tissue necrosis 
is hypoxia. It logically follows that many 
different pathologic mechanisms may con- 
tribute to the hypoxia affecting a given 
tissue. While the most common and dramatic 
cause of acute gangrene is organic arterial 
occlusion, other potential factors favoring 
the development of hypoxia at the cellular 
level must be acknowledged. Certain of 
these are presented in Fig. 3. 

Heart disease (defective cardiac output 
without shock). 

Congestive failure. It is not difficult to 
appreciate the fact that an excessively low 
cardiac output, such as may be associated 
with a ventricular aneurysm, for example, 
can contribute to defective tissue perfusion.’° 
The patient with severe paradoxical motion 
of a major segment of the ventricular wall 
may have a cardiac output of less than one- 
half the normal value. If the peripheral 
vessels of such a patient were then to be sub- 
jected to excessive spasm, the distal tissues 
might well be rendered critically hypoxic.’® 
These effects might be rendered even more 
harmful in the presence of anasarca. 

Aortic insufficiency. For years it has been 
appreciated that patients with aortic regur- 
gitation often have abdominal pain which 
need not be associated with congestive 
failure,” 7" and recently cases of intestinal 
infarction secondary to aortic insufficiency 
have been reported with increasing fre- 
quency.'* Most, but not all, of these patients 
had had congestive heart failure as well as 
aortic valvular incompetence. Nevertheless, 
it appears to be well established that severe 
aortic insufficiency can result in bowel 
necrosis in the absence of congestive heart 
failure, shock, or occlusion of the mesenteric 
arteries. Furthermore, the bowel infarction 
associated with aortic insufficiency is usually 
related to the distribution of either the 
superior or the inferior mesenteric artery, or 
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PULMONARY. DISEASE 
AND CO POISONING 


HEART FAILURE WITHOUT 


AOR 
INSUFFICIENCY 
JMG 


@’ SHOCK(Low C.O. & B.P.-Vasospasm) 


A. Hypovolemia 
B. Myocardial failure 
C. Endotoxin poisoning 


D. Metabolic (Diabetic Coma) 


ARTERIOLAR VASOSPASM WITHOUT SHOCK 


A. Trauma 

B. Norepinephrine in 
Pheochromocytoma 

C. Ergot poisoning 

D. Following resection of 
Coarctation of Aorta 


E. Norepinephrine therapy (Added Effect) 


Fig. 3. Causes of tissue hypoxia without organic vascular occlusion. Although there 
is much overlapping, the diagram illustrates various mechanisms, the net effect of 
which is to reduce the amount of oxygen available at the tissue level. 


both, in sharp contrast to instances of bowel 
gangrene not due to aortic insufficiency or 
mesenteric arterial occlusion.’® 

Although the hemodynamics of aortic val- 
vular disease have been studied by various 
investigators,'' the physiologic basis for the 
intestinal ischemia associated with aortic 
regurgitation is not settled. It is possible that 
filling of the mesenteric arteries in aortic 


insufficiency is analogous to that of the — 


coronary arteries, and that perfusion of the 
extremities is thus superior to that of the 
bowel.'* However, a perhaps more plausible 
explanation invokes the relationship of 
arteriolar tone and cross-sectional dimensions 
to the inherent stability of these vessels.'’ 
Nichol and his associates’’ pointed out that, 
because of vasomotor tone, the small blood 
vessels can have only limited stability. ‘Thus, 
abrupt and marked reduction in aortic pres- 
sure, as during diastole in the patient with 
severe aortic insufficiency, is transmitted 
through the larger mesenteric artery to the 
mesenteric arteriole, the point of maximum 
resistance because of high tonus and small 
cross-sectional diameter. With the intra- 


luminal pressure suddenly decreased mark- 
edly to below the critical level required to 


distend the arteriole, flow in the arteriole 
could actually be reversed. Such a_patho- 
physiologic circumstance could result in 
edema, hemorrhage, hypoxia, and eventual 
necrosis of the tissue supplied. Although 
stagnation of blood frequently leads to 
thrombosis, thrombotic occlusion of major 
mesenteric vessels need not be present for 
intestinal infarction to occur. 

Defective blood oxygenation. 

Pulmonary disease. Peripheral gangrene 
has been described in association with various 
lung diseases, but certain of the patients may 
have been in shock, a special circumstance 
which will be discussed separately. Neverthe- 
less, defective pulmonary ventilation, diffu- 
sion, or perfusion can certainly reduce the 
oxygen supply delivered to peripheral tissues. 
This would render such tissues unusually 
susceptible to vasospasm (Fig. 3). We have 
found no reported instances of peripheral 
gangrene secondary to emphysema, pul- 
monary arteriovenous fistula, or pulmonary 
arterial occlusion, but we did observe pro- 
found cyanosis of the hands and feet in a 
young woman dying of pulmonary arterial 
occlusion secondary to mediastinal  col- 
laginosis. 
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Carbon monoxide poisoning. It has been 
suggested that chronic carbon monoxide 
poisoning may contribute to the development 
of peripheral gangrene, though we have not 
found a report of such a case. 

Anemia. Although theoretically the pres- 
ence of severe anemia should markedly in- 
crease the probability of peripheral gangrene 
in the otherwise susceptible patient, it is 
remarkable how few such patients are en- 
countered if those with ulcers associated 
with sickle-cell disease are excluded. And 
yet, perhaps this is not too surprising after 
all, for the tissues of the patient in whom 
anemia develops gradually become adjusted 
to the relative hypoxia. Vasospasm is not a 
prominent finding in these patients as it is 
in the subject rendered abruptly anemic 
(oligemic) by massive blood loss. 

The peripheral vascular bed. 

Vasospasm without shock. In Fig. 3 are 
presented illustrative circumstances under 
which gangrene may follow severe vasocon- 
striction in the absence of generalized sys- 
temic hypotension or shock. They include 
the reaction to trauma, malignant pheo- 
chromocytoma with metastases producing 
large amounts of vasoconstrictor material, 
ergot poisoning, and vasospasm arteriolitis 
after resection of coarctation of the aorta. 
To these might be added the phenomena 


grouped loosely as “Raynaud’s disease” and 


“Raynaud’s phenomenon” associated with 
partial organic vascular occlusion. 

Traumatic arteriospasm producing gan- 
grene has been reported for a great many 
years, but close scrutiny of many of these 
cases suggests that the diagnosis may have 
been at least partially in error. Arterial 
thrombosis or subintimal hemorrhage _ is 
readily confused with arteriospasm and, in 
fact, prolonged arteriospasm may lead to 
arterial thrombosis and distal gangrene. In 
any event, severe arteriospasm can unques- 


_tionably produce ischemia that may result 


in tissue necrosis under appropriate collateral 
circumstances. 

Shock. The great common denominator 
of hy far the majority of reported cases of 
gangrene without organic vascular occlusion 
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has been shock. This has been true whether 
the necrosis was associated with severe 
heart disease, diabetic coma, infection, or 
hypovolemia. It is well known that an al- 
ready ischemic tissue—leg, bowel, kidney, 
heart, or brain—tolerates a prolonged period 
of hypotension poorly. The patient in shock 
may present 3 important factors which favor 
the development of peripheral gangrene— 
reduced cardiac output, defective oxygena- 
tion of the blood, and severe differential 
vasoconstriction which occurs in an effort to 
preserve vital organs. Apparently the lower 
extremities have become gangrenous most 
often under these circumstances, with the 
bowel next in frequency. Melena is not rare 
after either prolonged shock or bowel 
ischemia due to other causes. 

It is too soon to assess accurately the role 
of endogenous endotoxins and _ catechol- 
amines, separately or synergistically, with 
respect to the production of tissue necrosis. 
However, the evidence suggests that these 
factors may prove to be important ones. 


SUMMARY AND CONCLUSIONS 


1. The phenomenon of ischemic gangrene 
developing in the absence of major organic 
vascular occlusion has received increased at- 
tention in recent years. 

2. Four cases of incipient or overt tissue 
necrosis unassociated with major organic 
vascular occlusion have been presented. 

3. Pathophysiologic circumstances which 
may predispose to the development of gan- 
grene include chronic heart failure with re- 
duced cardiac output, derangements in one 
or more of the 3 major components of 
pulmonary function, and prolonged arterio- 
spasm from any cause. Aortic insufficiency, 
a special form of heart disease, apparently 
may result in bowel infarction in the absence 
of congestive failure. Shock due to any cause 
may adversely affect peripheral blood flow 
in a variety of ways, and it is the most com- 
mon predisposing cause of gangrene in the 
absence of major arterial occlusion. 

4. The special problem of possible syner- 
gistic effects of endotoxin and endogenous 
norepinephrine in producing tissue necrosis 
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has 


. Abrahams, 


10. 


11. 


Hardy and Alican 


been considered. Data are presented 


which demonstrate sharply elevated nor- 
epinephrine levels in dogs subjected to lethal 
endotoxin shock. The possible importance 
of the endotoxin-norepinephrine factor in 
producing the bowel changes found in one 
of our patients with peritonitis and shock has 
been reviewed. 

5. Hypoxia is the ultimate cause of acute 
tissue necrosis in most instances. Any disease 
condition which interferes with the delivery 
of an adequate oxygen supply at the cellular 
level may predispose to gangrene, whether 
or not major arterial occlusion is an addi- 
tional contributing factor. 
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ontroversy continues regarding the 
possible beneficial use of vasopressor agents 
in the clinical management of hemorrhagic 
shock. Some investigators have demonstrated 
an increase in mortality rate® 1° and 
others have demonstrated reduction of mor- 
tality rates with the use of 1-norepinephrine.’ 

Van Slyke’’ and others have emphasized 
the role of the kidney in shock and many 
investigators have attempted to assess the 
effects of vasopressors on renal heniodynamics 


of and function. Moyer and Handley,’® utilizing 
renal function tests for the measurement of 
id renal blood flow, found that epinephrine and 
norepinephrine, when administered by con- 
tinuous infusion, caused a marked reduction 
al in renal blood flow, renal plasma flow, and 
ta- glomerular filtration rate. On the other 
cic hand, Morris and associates!? observed im- 
‘ proved renal blood flow with the use of 
a vasopressors in hemorrhagic shock. Varying 
“a results have also been reported with regard 
to rate of urine formation in animals sub- 
S., jected to bleeding and subsequent vasopressor 
therapy.® 10, 18, 20 
3 The recent development of electromagnetic 
B: flowmeters has made possible the estimation 
ion, of blood flow without cannulation or de- 
pendence upon the integrity of renal function. 
- Such a flowmeter was employed in this ex- 
Am. Supported by grants from the United States Public 
Health Service (No. H-5677), Utah Heart Association, 
The and the American Heart Association. 
sub- Read at the Twenty-second Annual Meeting of the So- 
9, ciety of University Surgeons, Kansas City, Kan., Feb. 


9-11, 1961, 
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Influence of |-norepinephrine on renal 


blood flow, renal 
vascular resistance, and 
urine flow in 


hemorrhagic shock 


periment in order to estimate renal blood 
flow and to permit calculation of renal vascu- 
lar resistance in dogs subjected to arterial 
hemorrhage and subsequent continuous in- 
fusion of |-norepinephrine. For comparison, 
the femoral artery was employed in 1 group 
instead of the renal artery. 


METHODS 


Twenty-eight mongrel dogs averaging 20 
kilograms body weight were employed in 
this study. The animals were anesthetized 
intravenously with Nembutal (30 mg. per 
kilogram) and intermittent positive-pressure 
insufflation of oxygen was given via an endo- 
tracheal tube. Surgical incisions were made 
in the femoral regions and in the right flank 
for exposure of the femoral vessels and right 
renal pedicle. 

Arterial pressure was determined by in- 
sertion of a catheter into the distal aorta via 
an arteriotomy in the right femoral artery. 
A Statham strain gauge transducer was 
employed to permit electronic monitoring 
and recording.* 

Renal (or femoral) blood flow was deter- 
mined by encircling the right renal (or right 
femoral) artery with a probe which fit the 
artery. The current generated from the 
probe was then fed into the electromagnetic 
flowmeter} and thence to the oscilloscope 


*Electronics for Medicine, White Plains, N. Y. 


+Square-wave electromagnetic flowmeter with built-in 
integrator, Avionics Research Products Corp., 
Calif. 
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and photographic recorder. The flowmeter 
was calibrated after each experiment by al- 
lowing known volumes of blood removed 
from the dog to pass through the flowmeter 
in known increments of time. Zero flows 
were obtained in the dog by temporary 
clamping of the vessel. 

Renal (or femoral) vascular resistance 
was calculated by dividing the pressure 
value by the value for blood flow. 

Urine flow was measured by cannulation 
of the right ureter with a polyethylene 
catheter. The tip of the catheter was placed 
in the pelvis of the right kidney and con- 
nected to an electronic drop counter. The 
signal from the counter was also fed into 
the oscilloscope and recorder. The results 
are reported in urine drops per minute (53 
drops of urine equals 1 ml.). 

Rectal temperature was determined by a 
thermistor probe inserted into the rectum 
and connected to a_ telethermometer. 
Temperatures ranged between 98° and 102° 
F. with no apparent correlation with results 
observed. 

The 28 animals studied were divided into 
3 groups. Protocols for each group were 
divided into several periods of 30 minutes 
each. In Group 1 (7 dogs) these periods 
were (A) no infusion, (B) rapid arterial 
hemorrhage of 25 ml. per kilogram followed 
by observation without infusion, (C) control 
intravenous infusion of 0.9 per cent normal 
saline solution (1 ml. per minute for 30 
minutes), (D) infusion of I-norepinephrine 
(4 mg. per 250 ml. of 0.9 per cent saline 
solution) by continuous intravenous drip 
(30 minutes) to bring the arterial pressure 
back to the control value (this was gauged 
to simulate the clinical use of 1-norepi- 
nephrine; therefore, the infusion rate was 
not precisely constant but as close as one 
can get with the use of standard intravenous 
regulating screw clamps), and (E) no in- 
fusion. 

In Group 2 (11 dogs), the protocol was 
designed to assess the effects of 1-norepi- 
nephrine prior to hemorrhage as well as after 
hemorrhage. The 30-minute periods were 

(A) no infusion, (B) control intravenous in- 
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fusion of 0.9 per cent saline solution (1 nil. 
per minute for 30 minutes), (C:) continuous 
infusion of l-norepinephrine to produce an 
elevation of arterial pressure of approxi- 
mately 25 per cent for 30 minutes, (D) no 
infusion, (E) rapid arterial hemorrhage (25 
ml. per kilogram) followed by observation 
to the conclusion of the period, (F) control 
infusion 0.9 per cent saline (1 ml. per minute 
for 30 minutes), (G) continuous intravenous 
infusion of l-norepinephrine at a rate re- 
quired to hold the arterial pressure at the 
control value, and (H) no infusion. 

In Group 3 (10 dogs), in order to observe 
the changes in another vascular bed, blood 
flow was measured in the femoral artery in- 
stead of the renal artery. For technical 
reasons, it was not possible to measure renal 
and femoral blood flows in the same dogs. 
Five dogs were subjected to the protocol 
followed for Group 1 and 5 dogs were sub- 
jected to the protocol followed for Group 2. 

Recordings during each of the 30-minute 
periods were essentially continuous. Calcu- 
lations were made at each minute and the 
results reported represent the mean values 
obtained for each period of 30 minutes. 


RESULTS 


Group 1. During the period of hemor- 
rhage, there was a decline in arterial blood 
pressure, renal blood flow, and urine flow 
with a rise in renal vascular resistance. This 
was followed by a trend toward normal 
during the recovery. The infusion of |-nor- 
epinephrine, which restored the blood pres- 
sure to the range of control values, was as- 
sociated with a reduction in renal arterial 
blood flow and urine flow, with a marked 
rise in renal vascular resistance. After the 
infusion of I-norepinephrine had been dis- 
continued, there was again a rise in the 
volume of urine and a fall in the arterial 
pressure and the renal vascular resistance. 
The mean values for each period and the 
mean change in per cent of control values 
for each period are tabulated in Table I. 

These results are demonstrated graphically 
in Fig. 1. On the abscissa, time is expressed 
as periods of observation and on the ordi- 
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nate, the mean values for arterial pressure, 
renal blood flow, renal vascular resistance, 
and urine flow are expressed as per cent of 
the control values. The ranges of values are 
indicated by the vertical lines. 

Group 2. Prior to hemorrhage, the in- 
fusion of ]-norepinephrine at a rate sufficient 
to maintain the arterial pressure approxi- 
mately 25 per cent above the control pres- 
sure was associated with a mean rise in the 
rate of urine flow to 32 per cent above the 
control level. During this period, there was 
a moderate rise in renal vascular resistance 
and no significant change in renal arterial 
blood flow. 

During the period of hemorrhage, there 
was a marked rise in renal vascular re- 
sistance associated with the fall in arterial 
pressure, renal blood flow, and urine flow. 
After the hemorrhage, there was a trend 


for each of these values to return toward the 
control, 


During the infusion of |-norepinephrine 
after |'emorrhage, there was a marked rise in 


Fig. 1. Results in Group 1. 


renal vascular resistance with a diminution 
in renal blood flow and in urine flow. After 
the l-norepinephrine was discontinued, the 
arterial pressure and renal vascular re- 
sistance again fell but renal blood flow and 
urine flow increased. These results are tabu- 
lated in Tables II, III, and IV. The data 
from these tables are represented graphically 
in Fig. 2. Values are expressed as in Fig. 1 
for the control period and the mean change 
in per cent of the control values for each 
period of observation. 

Group 3. The results in this series were 
similar to those observed in Groups 1 and 
2 with 2 interesting variations. First, in the 
period of l-norepinephrine infusion after 
hemorrhage, urine flow increased in one dog 
to 33 per cent above the control value. 
Second, the femoral vascular resistance did 
not rise as high during the period of hemor- 
rhage as did the renal vascular resistance in 
the first 2 groups. The results are tabulated 
in Tables V, VI, and VII. 

The results from Group 3 are depicted 
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Table I. Effects of hemorrhage and subsequent infusions on blood pressure, renal 
blood flow, renal vascular resistance, and urine flow (Group 1) 


Period C, contro|{ — 
Period A, no infusion Period B, hemorrhage (25 ml./Kg.) (1 ml infusto 
Dog. (mean)| RBF |RVR{| UF | (mean) RBF RVR UF (mean) RBF | 
Weight | mm. | ml./ Drops|mm. ml./ Drops mm. ml./ _ RV: 
No. (Kg.) Hg | min. | Units|/min.| Hg | % A\|min.| % A| Units | % A|/min.|% A| Hg |% Al min.|% 4 


1 22.7 117 186 06 4.1 88 -25 100 -46 0.9 +50 0.3 -93 91 -22 197 -3) 
2 19.1 113 62 18 59 67 -41 17 -73 4.0 +122 21 -64 87 -25 27 -5¢§ 0.7 
3 15.9 115 80 14 26 91 -21 60 -25 15 + 7 1.0 -62 96 -17 78 -3§ 32 
4 20.9 8.0 15 -81 1.2 
5 
6 
7 


23.6 105 i6 35 64 -39 2% -61 23 +67 G2 165 0 49 
18.2 130 67 19 4.1 74 -43 20 -70 3.7 +95 28 -32 99 -24 27 -¢§ 21 
17.3 145 161 O9 140 103 -29 139 -14 07 - 

1.4 * 


: 22 65 -54 125 -14 140 -13§ 37 
Mean 19.6 121 104 


6.0 -33 -48 53 -69 -17 -3) 8 0.9 
74 ARTERIAL PRESSURE (mecn) /1 DOGS | “ht 

| 
| 

+3 
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CONTROL —=—30 min CONTROL 
NO INFUSION INFUSION -NOREPINEPHRINE NO INFUSION HEMORRHAGE INFUSION NOREPINEPHRINE NO INFUSION 


Fig. 2. Results in Group 2. 


graphically in Fig. 3. Again, the ordinate served on the records. Three sample tracings is 
represents mean values expressed as change are reproduced to demonstrate some of these di 
in per cent of the control, with the ranges transient effects of I-norepinephrine. The me 
being indicated by vertical lines. top tracing in Fig. 4 demonstrates the effect ws 

The mean values over a period of observa- of ]-norepinephrine on renal blood flow be- ide 
tion (as reported) do not illustrate the fore hemorrhage. It shows a temporary ris¢ 7 


moment-to-moment changes that were ob- in renal blood flow followed by return 
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infusion, saline 
/min.) Period D, |l-norepinephrine infusion Period E, no infusion 
oa BP BP 
— RVR UF (mean) RBF RVR UF (mean) RBF RVR UF 
‘4 Drops mm. ml./ Drops mm. ml./ Drops 
— Units |% A| /min.| % A| Hg | % A\ min.| % A} Units | % A| /min.| % A\ Hg | % A\min.| % Units \% A\/min.| % A 
= 0.7 +17 «+16 -61 109 - 7 121 -35 09 +50 25 - 39 80 -32 108 -42 0.7 +17 10 -76 
38 32 +78 4.5 -24 128 +13 31 -50 4.1 +128 34 - 42 107 -5 31 -50 35 +94 5.2 -12 
12 -14 2.1 -19 118 +3 36 -55 3.3 +136 1.7 - 35 63 -45 35 -56 18 +28 19 -27 
0.5 -94 0.0 -100 
6) 91 +31 2.0 -43 120 +14 38 -43 3.2 +100 1.9 - 46 89 -15 54 -19 1.6 0 3.4 -3 
3937 +95 3.2 -22 122 -6 51 -24 24 +26 3.0 - 27 85 -35 44 -34 1.9 ® 33 -3 
9609 O 11.0 -21 144 - 1 117 -27. 1.2 + 33 83 - 40 
+34 -41 + 79 - 47 -26 -40 +28 
10 DOGS H 
+25 
(108 mm Hg) © 
“57 ARTERIAL PRESSURE (mean) 
‘ 
49 . 
-50 
FEMORAL ARTERIAL BLOOD FLOW 
FEMORAL. VASCULAR RESISTANCE 
+25-- 
(2.5units) 
+75 +75 
URINE FLOW +50 
+25 
0 0 
29 46 +42 -25 
4-50 
-75 4-75 
CONTROL 30min: CONTROL 
NO INFUSION INFUSION  -NOREPINEPHRINE NO INFUSION [BHEMORRHAGE INFUSION -NOREPINEPHRINE NO INFUSION 
f (SALINE) 25 mi/kg (SALINE) 
(imi/min) {1 ml/min) 
Fig. 3. Results in Group 3. 
d toward normal. The lower tracing, from a infusion of I-norepinephrine on femoral blood 
' different animal which received 1-norepi- flow are shown in Fig. 5. This demonstrates 
* nephrine after hemorrhage, shows a depres- that the rising blood pressure is accompanied 
. sion of renal blood flow associated with the by an initial rise in femoral arterial flow ‘ 
4 rise in arterial pressure. (Time lines are at followed shortly by a return of the femoral 
if 1 second intervals. ) flow toward and then below normal. This 
The transient effects of the start of the tracing also records the increase in rate of 
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urine flow upon infusion of |-norepinephrine 
prior to hemorrhage. 

The summary of the urine flow studies in 
all 28 dogs showed that after the reduction 
caused by hemorrhage (mean equals —72.5 
per cent of control), urine flow tended to in- 
crease in the period of the control infusion 
(mean equals —58 per cent of control). The 
infusion of l-norepinephrine stopped this 
trend toward increase in urine output (mean 
equals —56 per cent), which was again re- 
sumed after the I-norepinephrine was dis- 
continued (mean equals —26 per cent). In 
12 dogs, urine output was decreased during 
administration of l-norepinephrine after 
hemorrhage, and in 11 dogs there was an 
increase. The 5 remaining dogs showed no 
change. The wide variations in values ob- 
tained from one dog to the next are not 
surprising in view of the complex nature of 
the relationship between arterial pressure and 
urine flow. 


COMMENT 


It is realized that the entire physiologic 
response to hemorrhagic shock and to its 
treatment must be considered rather than 
the effect on simply one organ. Nonetheless, 
specific organ blood flow and function must 
be studied in order to understand the whole. 
King and associates? have found that nor- 
epinephrine produced a marked increase in 
cerebral vascular resistance and a decrease 
in cerebral blood flow despite a substantial 
increase in mean arterial pressure. Lansing 
and Stevenson"! reported that the prolonged 
infusion of a small dose of I-norepinephrine 
exerts a beneficial effect in hemorrhagic 
shock by maintaining cardiac output. Berne,’ 
however, found that the action of the vaso- 
pressors on the heart is primarily one of a 
stimulating effect on myocardial metabo- 
lism with the coronary vasodilatation coming 
secondarily due in large part to the 
hypoxia of the heart induced by these drugs. 
Unpublished data from our laboratory" 
indicate that after the increase in force of 
myocardial contraction with the infusion of 
l-1.0epinephrine, there is a rebound charac- 
teriv-d by a reduction in the force of myo- 
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Fig. 5. Blood pressure and femoral arterial blood 
flow during ]-norepinephrine infusion (3 minutes). 


cardial contraction below that of the control. 
Recently, Corday and Williams,° utilizing 
the techniques of photoelectric drop meter 
estimation of blood flow, determined that 
there was an increased blood flow to the 
brain and heart but a decreased flow to the 
intestines and kidney in hemorrhagic shock 
treated with vasopressors. 

The property of kidney for autoregula- 
tion** suggests that it may be unlike other 
vital organs. Langston and Guyton"? be- 
lieved that 2 factors were involved in the 
renal response to vasopressor administration 
in hemorrhagic shock—the elevation of the 
blood pressure which has a tendency to in- 
crease the production of urine, and the direct 
effect of vasopressors on the kidney which 
causes a reduced rate of urine flow. They 
concluded that the effects of 1-norepi- 
nephrine and epinephrine were the same. Re- 
cently Wulsin and Altemeier®® reported that 
small doses of epinephrine in hemorrhagic 
shock reduced urine flow moderately while 
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large doses of vasopressors reduced urine 
flow markedly. On the other hand, Webb 
and Jackson*® ** found that small doses of 
norepinephrine gave increased output while 
large doses depressed urine flow. 

The results of our experiments show that 
blood volume is a factor in the renal response 
to vasopressors. The apparent increase in 
urine flow produced by 1-norepinephrine in 
normovolemic dogs was associated with a 
rise in renal or femoral vascular resistance 
which paralleled the rise in blood pressure. 
This suggests that there was a constriction 
of the efferent arterioles of the kidney. This 
is in marked contrast to the effects seen 
after hemorrhage when the infusion of 
l-norepinephrine tended to depress the rate 
of urine flow. These findings may serve to 
elucidate the diphasic response to 1|-norepi- 
nephrine described by Webb and Jackson.’* 
It is well known that the reserve volume of 
blood held in the spleen of a dog is quite 
variable. This may account not only for the 
varying degree of fall in blood pressure 
which is known to follow an arterial hemor- 
rhage calculated on the basis of body weight, 
but it may also account for the great range 
of variation in urine flow in response to 
vasopressor infusions. 

Little difference was observed in these 
experiments between renal artery and femo- 
ral artery data except that there was a 
higher rise in resistance in the renal vascular 
bed with hemorrhage. This may be due to 
the fact that, under anesthesia, there is 
still an active circulation in the renal vascu- 
lar bed, while in the femoral vascular bed 
there is an inactive one, relatively speaking. 
Results might have been quite different if 
the dog could have been exercising his hind 
limbs. 


CONCLUSIONS 


1. Arterial hemorrhage (25 ml. per kilo- 
gram) is associated with a reduction in 
blood pressure, renal blood flow, femoral 
blood flow, and urine flow. Renal vascular 
resistance rises, but there is little change in 
femoral vascular resistance. 

2. In the recovery period after hemor- 
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rhage, renal blood flow, femoral blood flow, 
urine flow, and blood pressure tend to returi 
toward normal. 

3. The subsequent infusion of |-norepi- 
nephrine to restore blood pressure to con- 
trol values is associated with a marked rise 
in renal vascular resistance and femoral 
vascular resistance with supression of renal 
blood flow and urine flow. 

4. In contrast, elevation of arterial pres- 
sure by infusion of l-norepinephrine to dogs 
with normal blood volume results in an in- 
crease in the rate of urine flow, at which 
time there is no significant changes in renal 
blood flow. 

5. Total blood volume has been found to 
be an important variable in the renal re- 
sponse to the infusion ‘of a vasopressor agent. 


We are grateful to Drs. Homer R. Warner and 
Rodney B. Harvey for help in reviewing the data, 
and to C. Gordon Frank, Robert Crist, Fred K. 
Christensen, and Harper Pearse for their assistance 
in the performance of these studies. 
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DISCUSSION* 


Dr. Wendell B. Thrower (Charleston, S. C.). 
First, I want to compliment Dr. Hardy on a 
very important study and report the case of a 
patient whom we operated on for aortic in- 
sufficiency about 6 months ago. The correction 
of the aortic insufficiency was thought to be 
excellent and actually the bypass was very un- 
eventful. The patient did very well for about 16 
hours and then suddenly developed upper abdomi- 
nal pain which was thought, wrongly, to be due 
to referred pain from the thoracotomy. He de- 
veloped a shock-like syndrome and died about 
1 day later. At autopsy, although this patient 
had mild atherosclerosis, no evidence of throm- 
bosis or embolus was found. We later went into 
his past history and, through his family, found 
that he had had intermittent upper abdominal 
pain for some years. This may have been related 
to ischemic bowel. I might point out that he 
never received any catecholamines and did not 
have any other significant pathologic process. 


*Discussion of papers by Hardy and Alican; and Nelson, 
Henry, and Lyman. 
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Pancreatic influences on gastric 


secretions 


he recognition of a pancreatic islet 
adenoma with profound ulcerogenic proper- 
ties has renewed interest in the possibility 
that the pancreas normally influences gastric 
secretion. A pancreatic hormone could do 
this, but there is very little objective labora- 
tory evidence that such a hormone exists. 
For instance, extraction of an ulcerogenic 
tumor has yielded an unidentified protein 
which stimulates gastric secretion,® but this 
protein has not been found in the normal 
pancreas.” Animal experiments also provide 
only meager and conflicting evidence of a 
pancreatic influence on the stomach. Hyper- 
secretion of gastric acid has been found after 
total pancreatectomy* and after formation of 
an external fistula,’ but not an internal fis- 
tula.1* Therefore, we have repeated these 
experiments and added 3 new procedures 
with dogs under similar conditions in the 
same laboratory to determine whether or not 
the normal pancreas can exercise an endo- 
crine influence on the stomach. 

The acid production from denervated 
Heidenhain pouches was measured under 
standard conditions of diet and nutrition. 
Seven different operative procedures were 
then performed on the pancreas, and the 
subsequent changes in gastric acid secretion 
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compared. All of the operative procedures 
completely excluded pancreatic juice from 


_ the duodenum. Only 1 of the 7, total pan- 
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createctomy, removed islet function as well. 

Denervated Heidenhain pouches were 
chosen for this study because they respond 
primarily to hormonal influences. The full 
24-hour gastric secretions may be collected 
and measured quantitatively. However, the 
principal output of the pouch is elicited by 
food in the antrum of the stomach proper. 
For valid acid collections, the same diet 
must be taken each day. This is pointed out 
here because animals with pancreatic fistulas 
develop isotonic dehydration, lose weight 
rapidly, and quickly refuse to eat.® * ™ Ade- 
quate amounts of water and electrolytes can 
be given intravenously to replace losses from 
both external and internal fistulas. These 
fluids prevent dehydration, keep weight loss 
at a reasonable rate (4 to 5 per cent per 
week), prevent ulcers,® and do not falsely 
elevate pouch secretions.’ In the experiments 
reported here, intravenous infusions have 
been given systematically. Acid collections 
have been reported only if they were taken 
from animals which ate normally. 


METHODS 


Mongrel dogs of both sexes which weighed 
between 20 and 35 pounds were observed in 
the laboratory until a good food intake and 
a stable body weight seemed to be assured. 
Denervated gastric pouches were then con- 
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structed from the body of the stomach along 
its greater curvature, with care taken to ex- 
clude antral tissue. The diet was kept con- 
stant, and consisted of 30 ounces of canned 
dog food containing 3 per cent fat and 12 
per cent protein by weight. A daily record 
was carefully maintained of each animal’s 
actual consumption of food. If gastric drain- 
age amounted to more than 100 ml. a day, 
1 slightly rounded teaspoon of salt was 
added to the daily meal. 

Acid was collected in toy rubber balloons 
and its volume was measured. A sample of 
each collection was titrated against 1/20 N 
sodium hydroxide to a color change in 
Topfer’s reagent. The results were expressed 
as milliequivalents of free acid per unit of 
time (usually 24 hours). On selected days, 
the full 24-hour production of acid was col- 
lected as a mixed sample and pepsin output 
determined by the method of Anson and 
Mirsky." 

After the daily production of gastric acid 
had appeared stable for a period of at least 
3 weeks, 1 of the 7 pancreatic procedures 
was performed. In all of the procedures, one 
or more accessory pancreatic ducts was di- 
vided. 

External pancreatic fistulas were con- 
structed by the method of Greenlee and as- 
sociates." Internal fistulas to the urinary 
bladder were constructed by exclusion of the 
major pancreatic duct in a 2-inch segment 
of duodenum. The proximal end of this seg- 
ment was closed and its distal end anasto- 
mosed to the dome of the bladder, usually 
without undue tension. Internal fistulas to 
the distal bowel were constructed by moving 
the major pancreatic duct on a button of 
duodenum into the terminal ileum or the 
midtransverse colon. 

Six animals were subjected to immediate 
total pancreatectomy by an unusual tech- 
nique. The head of the pancreas was care- 
fully dissected free of the superior pancre- 
aticoduodenal artery and vein, which were 
left undisturbed to supply blood to the 
duodenum. Meticulous dissection was re- 
quired with a fine-silk technique, but this 
was thought desirable to preserve the normal 
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innervation, motility, and endocrine function 
of the duodenum. Pancreatic duct ligation 
was usually accomplished by the same dis- 
section, with complete separation of the 
pancreas from the duodenum. In 3 animals, 
90 per cent of the pancreas was removed. A 
portion of the uncinate process, about the 
size of a 50 cent piece, was left behind with 
its duct completely obstructed. 

Postoperatively, all animals were weighed 
at least twice a week. Animals with fistulas 
of any type were weighed daily and given 
intravenous infusions composed of one-half 
normal saline solution and one-half sodium 
lactate, with 30 mEq. of potassium added. 
The volume administered to each animal 
each day was regulated to prevent weight 
loss at a rate greater than the average ob- 
served in animals with pancreatic ductal ob- 
struction—4 per cent of the preoperative 
weight per week.® Usually 500 to 1,000 ml. 
was required each day. No edema appeared 
in any of these animals. Serum sodium, po- 
tassium, chloride, carbon dioxide, and urea 
nitrogen concentrations were determined 
once or twice a week and remained within 
normal limits during the period of the study. 

All the animals subjected to 90 per cent 
or total pancreatectomy had fasting blood 
sugar measurements once or twice a week. 
Insulin was given after total pancreatectomy 
only. Four to 10 units of NPH insulin each 
day maintained the fasting blood sugar level 
at between 100 and 200 mg. per cent. Four 
of the 6 animals subjected to total pancrea- 
tectomy had pancreatic enzymes added to 
their food. For this, Viokase (Viobin Cor- 
poration), a powder of whole lyophilized hog 
pancreas, was mixed with the daily meal in 
large doses, first 20 Gm. a day for 14 days, 
and then 30 Gm. a day for 14 or more days. 
Viokase was also given in the same manner 
to 3 animals with duct ligation, beginning 6 
weeks or more postoperatively. 

Selected dogs had the pouch secretions 
collected 6 times within each 24-hour period 
for 14 or more consecutive days. This estab- 
lished the pattern of acid secretion within 
the day, and determined its relationship to 
food intake. The daily meal was given at a 
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Table I. Gastric acid production in pancreatic fistula 


Surge) 
July 196i 


Weight loss per 


Change in gastric acid 


week Started Change 

Dog (Yo preopera- |\(postoperative| No. of (% of 

No. | Type of fistula Treatment given tive weight) day) collections | base line) 
1 External Intravenous infusions daily | > * 15 +140 
2* External Intravenous infusions daily 6.7 | 11 + 65 
3* External Intravenous infusions daily 5.6 6 10 ~ 43 
4* Bladder Intravenous infusions daily 4.9 5 17 + 85 
5 Bladder Intravenous infusions daily 4.1 6 32 + 60 
6 Bladder Intravenous infusions daily 4.7 4 29 + 3S 
7* Distal ileum Intravenous infusions q.i.d. 4.0 6 37 + 78 
8* Transverse colon Intravenous infusions q.i.d. 3.2 7 28 + 12 
9 Transverse colon Intravenous infusions q.i.d. 3.5 8 86 + 91 
10 Transverse colon Intravenous infusions q.i.d. 4.2 6 56 — 36 


*Antral and duodenal ulcers were found at autopsy. 


Table II. Gastric acid production after total pancreatectomy 


Weight loss per 
week (% pre- 


Change in gastric acid 


Dog operative Started (post- No. of Change (% 
No. Treatment given weight) operative day) collections of base line) 
11 Viokase and insulin 0 6 26 + 39 
12 Viokase and insulin 0 4+ 33 0 
13 Insulin only aa 4 47 - 16 
Viokase begun on day 51 0 -— 25 + 45 
14 Insulin only 7 6 49 +182 
Viokase begun on day 55 0 — 19 +192 
15 Insulin only 7.0 4 40 +140 
Insulin only 10 7 16 + 20 


regular time and uneaten residue was with- 
drawn within 3 hours. Acid output was then 
measured at 3, 6, 9, 12, 18, and 24 hours 
after the food was eaten. 

After all of the pancreatic procedures, 
stools were observed closely for the first ap- 
pearance of the foamy, bulky, “oatmeal” 
stools of steatorrhea. After pancreatic duct 
ligation or 90 per cent pancreatectomy, fat 
absorption was measured in certain animals 
with radioactive triolein as reported by 
Baylin.” 

Gastrointestinal motility was examined 
roentgenographicaliy in representative ani- 
mals. For this procedure, 8 ounces of the 
usual diet was mixed with 2 ounces of bar- 
ium sulfate. After this meal, exposures of the 
abdomen were made in 2 planes at 30 min- 
utes and at 1, 2, 3, 5, and 7 hours. 


RESULTS 


All 4 types of pancreatic fistulas produced 
a modest increase in gastric acid secretion. 
First, a few days of acid suppression ap- 
peared in the immediate postoperative pe- 
riod. With resumption of a normal diet on 
the third to the sixth postoperative day, 
gastric hypersecretion became evident in 7 
of the 10 dogs. Of the remaining 3, 1 showed 
little change (+12 per cent), and 2 showed 
a modest fall from base line output (‘Table 
I). For all the animals with fistulas the in- 
creases were small and ranged from 53 to 140 
per cent of the individual base line collec- 
tions, with an average increase of 73 per 
cent. Within a few days after the resumption 
of an oral diet and the appearance of gastric 
hypersecretion, the watery, foamy, “oatmeal” 
stools of steatorrhea were uniformly evident. 
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As long as adequate amounts of fluids 
could be given intravenously, all of the ani- 
mals ate well and appeared to be in good 
health. However, in those with the external 
fistulas, weight loss averaged 6 per cent of 
the preoperative weight per week. Despite 
our best efforts, these animals lost weight 
somewhat faster than animals with duct ob- 
struction, and the period in which accurate 
gastric collections were possible was relatively 
short. 

It was somewhat easier to maintain fluid 
balance in animals with fistulas to the lower 
gastrointestinal tract. Weight loss was held 
to a desirable 4 per cent per week. Observa- 
tions on gastric acid were carried out for 
from 37 to 80 days. There was no late 
change in gastric secretion after the first few 
days of oral diet. No peptic ulceration was 
observed while hydration was maintained, 
but 5 of the 10 animals developed ulcers 
after withdrawal of intravenous fluids. 

Total pancreatectomy produced an_in- 
crease in acid secretion in 5 of 6 animals. In 
only 2 were the increases marked (+182 and 
+140 per cent). In 2 they were very modest 
(+39 and +20 per cent) and in 2 there was 
essentially no change (Table II). One of the 
latter animals, however, developed an in- 
crease later (+45 per cent) after Viokase was 


. added to the diet. All 6 of these animals had 


the usual temporary postoperative suppres- 
sion of acid production. Upon resumption of 
the preoperative diet, acid production 
promptly assumed its new _ postoperative 
levels and became stabilized. Except for the 
1 animal which received Viokase, none ex- 
hibited subsequent changes in the amounts 
of acid collections up to 49 days. 

Viokase was fed immediately after opera- 
tion to 2 of the 6 animals and was added to 
the diet of 2 additional animals after the 
fiftieth postoperative day. This prevented or 
halted weight loss and gross steatorrhea. It 
did not, however, seem to make any impor- 
tant difference in acid production. If these 
supplemental enzymes were not fed after 
total pancreatectomy, weight loss was ex- 
ceedingly rapid, averaging 7.8 per cent per 
week, 


Pancreatic influences on gastric secretions 


129 


After complete pancreatic obstruction, 
marked hypersecretion of gastric acid ap- 
peared in all 8 animals. The pattern of onset 
and the increase in amount of acid were 
strikingly different from those observed in all 
the other groups. With the omission of food 
in the first few postoperative days, the usual 
temporary suppression of acid was observed. 
Upon resumption of the preoperative diet, 
acid secretion returned to exactly the base 


_ line levels and remained there unchanged for 


from 20 to 30 postoperative days. Weight loss 
began with the operation and averaged 4 
per cent of the preoperative weight per week 
for the entire group. The stools remained un- 
changed at first, although no enzymes were 
given by mouth. After the onset of steator- 
rhea, and at some time between the twenti- 
eth and the thirtieth postoperative day, 


Table III. Gastric acid production after . 


complete pancreatic ductal obstruction 


Change in gastric acid 

week (% | Started Change 

preopera- (post- | No. of | (% of 
Dog tive operative| collec- base 
No. weight) day) tions line) 
17 30 42 +560 
18* 2.3 30 43 +200 
19 30 43 +252 
20* 2.9 25 93 +205 
21 4.5 27 52 +420 
22 7.7 20 31 +172 
23 5.1 21 37 +172 
3.7 25 48 +225 


*Antral and duodenal ulcers were found at autopsy. 


Table IV. Gastric acid production after 90 


per cent pancreatectomy with preservation of 
obstructed uncinate process 


ay Change in gastric acid 

week (% |\Started Change 

preopera- | (post- | No. of | (% of 
Dog tive operative| collec- base 
No. weight) day) tions line) 
25 5.1 3 24 +142 
26 3.8 6 39 +100 
27 3.2 4 21 + 30* 


*Fasting blood sugars ranged near 200 mg. per cent. No 
insulin was given. 
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ACID Operation 
mEq. 

_TOTAL PANCREATECTOMY-FISTULA 
“NORMAL 


BASELINE 


345 


WEEKS 


Fig. 1. The course of gastric hypersecretion after 
pancreatic duct ligation is compared with that 
found after total pancreatectomy or pancreatic 
fistula construction of any type. 


Weight 
ACID 4 
mEq. 
“NORMAL 


BASELINE 


345 


WEEKS 


Fig. 2. Weight loss starts with pancreatic duct 
ligation and is promptly halted when pancreatic 
enzymes are mixed with the diet. However, gastric 
hypersecretion, once established, is not affected. 


Stomach Empty 


DUCT 
LIGATION 


NORMAL 


2 36 9 12 3 

n 

°°" HOURS 


Fig. 3. Duct ligation produces a slight delay in the 
gastric response to food intake, but prolonged high 
levels of gastric secretion for up to 15 hours after 
the daily meal. 


gastric acid output rose prec?pitously to a 
new high level which was maintained there- 
after. The increases in acid production 
ranged from 172 to 560 per cent of the nor- 
mal base line collections. The average in- 
crease for the group was 270 per cent. This 
average level of hypersecretion is 31% times 
the normal base line (Table III). The se- 
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cretory levels achieved in this group of ani- 
mals were impressive and uniformly greater 
than those observed after any other pan- 
creatic procedure. A comparison of the onset 
and the average levels of hypersecretion be- 
tween animals with pancreatic duct obstruc- 
tion, fistulas, and total pancreatectomy is 
illustrated in Fig. 1. 

Triolein absorption was measured in 3 
animals after hypersecretion had become well 
established, and in all 3 a low, flat curve of 
plasma radioactivity indicated marked im- 
pairment in fat absorption. 

After hypersecretion had become well es- 
tablished in 3 of these animals, Viokase was 
mixed with their food. In all 3, the estab- 
lished steady loss of weight was promptly 
halted and steatorrhea was noticeably less. 
The enzyme dosage was increased to as much 
as 30 Gm. per day, or 3 times the recom- 
mended dose for human subjects, but this 
failed to produce a weight gain. There was, 
however, no noticeable change in gastric acid 
production as the result of enzyme adminis- 
tration (Fig. 2). 

Early in the course of the experiment, we 
were puzzled by the failure of 2 animals to 
hypersecrete. Secondary’ laparotomies were 
performed, and minimal acinar atrophy was 
noted. In both cases, a small accessory duct 
was located and divided and hypersecretion 
followed after the usual delay. 

Data on 2 animals were not included in 
the table because abscesses were found be- 
tween the pancreas and duodenum accom- 
panied by incomplete acinar atrophy. Both 
animals developed gastric hypersecretion of 
approximately 75 per cent above base line 
levels. Apparently acinar atrophy must be 
relatively complete to result in marked hy- 
persecretion. However, partial compromise 
of acinar tissue may elevate acid secretion 
modestly. 

After hypersecretion had become estab- 
lished in 2 animals, the entire atrophic pan- 
creas was resected. Microscopic examination 
of the resected pancreas demonstrated nearly 

complete acinar destruction. Both animals 
were rendered diabetic and had insulin re- 
quirements similar to those of animals which 
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had undergone total pancreatectomy at their 

first operation. Gastric acid formation was 
temporarily decreased, but did not fall as low 
as base line levels. Within 10 days after re- 
section of the atrophic pancreas, hypersecre- 
tion was re-established at exactly the same 
level as before. 

Resection of 90 per cent of the pancreas 
was performed in 3 animals and an ob- 
structed segment of the most distal uncinate 
process was left. Within 3 to 6 days, gastric 
secretion rose to levels 142, 100, and 30 per 
cent above the respective base-line levels 
(Table IV). This gastric response resembled 
that found after total pancreatectomy in 
both onset and level of secretion. In 2 other 
respects, however, these animals responded 
as if they had duct obstruction. They did 
not require insulin (one had a mild rise in 
blood sugar level), and they lost weight 
without oral enzymes at an average rate of 
4 per cent per week. 

This procedure was performed to produce 
ductal obstruction while simultaneously re- 
moving most of the islet aipha cells. The 
obstructed uncinate process was retained, be- 
cause in the dog it has been reported to con- 
tain no alpha cells.* If this were true, the 
removal of these cells prevented the marked 
gastric hypersecretion regularly produced by 
ductal obstruction. However, biopsy speci- 
mens were subsequently obtained from the 
retained uncinate process in each of these 3 
animals and were examined by electron mi- 
croscopy. Alpha cells were demonstrated in 
slightly diminished numbers in all three. Ap- 
parently, these animals had ductal obstruc- 
tion, but had only a small quantity of acinar 
tissue to undergo atrophy. 

Collections of gastric acid were made 6 
times each 24 hours to learn whether or not 
hypersecretion occurs in the basal state be- 
tween meals. These frequent collections were 
made from 4 animals after complete pan- 
creatic obstruction and from 4 normal. ani- 
mals for comparison. In the normal animals, 
70 per cent or more of the daily acid produc- 
tion took place within 6 hours after a meal, 
as is expected in denervated gastric pouches.® 
In all 4 animals, after duct obstruction, peak 
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acid production was reached more slowly but 

hypersecretion persisted for 15 hours after 
food intake. A representative curve of daily 
acid production for a normal animal and for 
an animal with pancreatic obstruction has 
been superimposed in Fig. 3. The difference 
between these two curves is striking. Animals 
with pancreatic duct obstruction appear to 
be secreting acid at an accelerated rate for 
18 of the 24 hours each day. 

The delay and prolongation of the gastric 
response to food intake in animals with pan- 
creatic acinar damage suggests an exagger- 
ated intestinal phase of gastric secretion. 
However, very similar results could be pro- 
duced by delays in gastrointestinal motility, 
which might result from operative dissection 
or adhesions. Therefore, gastrointestinal mo- 
tility was studied by roentgenogram in 3 ani- 
mals after total pancreatectomy, in 3 after 
duct obstruction, and in 5 normal dogs 
for comparison. The films taken during the 
first hour after either total pancreatectomy 
or duct obstruction actually suggested a 
slightly more rapid emptying of the stomach 
and filling of the upper small bowel (Fig. 4). 
In later films, the barium-tagged meal pro- 
gressed through the lower small bowel and 
into the colon at about the same time in all 


Fig. 4. Roentgenograms taken 1 hour after a meal 
mixed with barium. A, Normal gastric emptying, 
and B, an animal with pancreatic obstruction and 
increased gastric emptying. 
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A B 


Fig. 5. Roentgenograms taken 5 hours after a meal 
mixed with barium. A, Normal dog, and B, the 
animal with pancreatic obstruction. The stomach 
is empty in both animals, and there is no impor- 
tant difference in bowel motility. 


3 groups of animals (Fig. 5). There were no 
important differences in gastrointestinal mo- 
tility, regardless of the nature of the pancre- 
atic procedure performed. These studies show 
that the stomach is completely empty at the 
end of 5 hours after food intake. Long after 
the stomach has emptied, animals with pan- 
creatic acinar damage produce their prin- 
cipal secretion of gastric acid. 


COMMENT 


Endocrine-stimulated gastric acid  secre- 
tion increases almost uniformly whenever 
pancreatic juice is excluded from the upper 
small bowel. The modest increases seen after 
fistula construction and after total pancrea- 
tectomy are comparable. In these cases, no 
special endocrine mechanism arises from the 
pancreas. This hyperacidity may result from 
impaired digestion of fat. Normally, gastric 
acid is inhibited by fat in the small bowel, 
provided that both bile and lipase are pres- 
ent. Without lipase, inhibition of acid falls 
to one-half of normal, according to Men- 
guy.'® Accordingly, the exclusion of pan- 
creatic juice from the duodenum can be ex- 
pected to remove this normal “brake” on 
acid production. 
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Unlike all the other procedures, complet: 
ductal obstruction is followed by normal gas- 
tric secretion for from 20 to 30 days. This 
is surprising, but may be explained by the 
observations of Frazer, Anlyan, and Isley, 
who found that after ductal obstruction, fat 
absorption is preserved for a similar period 
through pancreatic endocrine function.’* Fat 
absorption falls to very low levels only after 
total pancreatectomy or advanced acinar 
atrophy. In a striking parallel, gastric secre- 
tion remains normal for from 20 to 30 days, 
until acinar destruction is advanced, before 
hypersecretion occurs. 

Only a very potent blood-borne hormone 
could cause these denervated gastric pouches 
to secrete for 15 hours after a meal and to 
triple or quadruple their daily output. They 
do this only in the presence’ of both acinar 
destruction and intact islets. It is disappoint- 
ing that complete removal of* the damaged 
pancreas fails to halt this hypersecretion 
once it is established. Two possible explana- 
tions are apparent. Acinar destruction may 
cause a persistent hyperplasia of the parietal 
cells like that seen after repeated injections 
of histamine,** or it may trigger an extrapan- 
creatic endocrine response not yet identified. 


SUMMARY 


Pancreatic juice has been excluded from 
the duodenum by 7 different procedures in 
dogs with denervated gastric pouches. All of 
the methods produced gastric hypersecre- 
tion. The increase in acid secretion was 
prompt and modest after the formation of 
pancreatic fistulas or total pancreatectomy. 
Gastric secretion remained normal however, 
for from 20 to 30 days after ductal obstruc- 
tion, until acinar atrophy was advanced. 
Then acid output rose sharply and reaching 
levels 3 or 4 times the normal base line. 

The acid response to food intake persisted 
for 15 hours after the daily meal, long after 
the stomach had emptied. Gastrointestinal 
motility was not disturbed, as seen by roent- 
genograms. Neither oral administration of 
enzymes nor resection of the atrophic pan- 
creas halted this hypersecretion once it had 
become established. 


Hypersecretion from. denervated gastric 
pouches was marked only in the presence of 
damaged acinar tissue and intact islets. This 
provides additional evidence of a potent pan- 
creatic hormone capable of profound gastric 
stimulation. 
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The occurrence of pancreatic antibodies 


and the experimental 
production of 
pancreatitis with 


pancreatic antiserum 


utoimmunization has been cited as 

a possible etiologic factor in the development 
of unexplained chronic disease in certain 
specific organ systems. Investigations on the 
abnormalities of serum proteins in human 
thyroid diseases by Roitt and associates'® *° 
led to the discovery of thyroglobulin auto- 
antibodies in the serum of patients with 
Hashimoto’s thyroiditis. More recently, or- 
gan-specific circulating autoantibodies have 
been found in patients with ulcerative co- 
litis, lupus erythematosus,* ** hepatitis,” *° 
glomerulonephritis,’* pancreatitis,** the post- 
cardiotomy syndrome,’® and certain hemo- 
lytic anemias.® Thal and associates** have 
demonstrated that specific antibodies to an 
antigen derived from the pancreas develop 
during naturally occurring pancreatitis in 
the human being and after chronic pancre- 
atic damage or immunization with pan- 
creatic extracts in the experimental animal. 
Witebsky and Rose?’ ** have demonstrated 
that direct immunization of animals with 
extracts containing organ-specific antigens 
incorporated into Freund-type adjuvants 
leads to histologic lesions in these organs 
and to the appearance of circulating anti- 
bodies directed against the specific antigens. 
Similarly, Masugi'® produced glomerulone- 
phritis in rabbits by passively injecting duck 
antiserum to rabbit kidney homogenate into 
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normal rabbits. In cases in which kidney 
transplantation had been performed for 
glomerulonephritis, the normal transplanted 
kidney developed glomerulonephritis even 
though a simultaneous skin graft was not re- 
jected, which suggested that antibodies to 
kidney were circulating even in cases of in- 
active glomerulonephritis..* More recently, 
LeVeen and his associates'' have produced 
lesions resembling ulcerative colitis in dogs 
by means of the same technique. 

The present report summarizes our ex- 
perience with the detection of circulating 
pancreatic autoantibodies and antigens in 
patients with pancreatitis, and demonstrates 
that elevations in serum amylase (amyla- 
semia) may be produced in normal dogs by 
passive transfer of antiserum to homologous 
pancreas. 


MATERIALS AND METHODS 


Human pancreatic antigen was prepared 
by homogenizing and pooling histologically 
normal human pancreas obtained from the 
body of the gland from 3 fresh postmortem 
specimens. All extraneous blood and adipose 
and connective tissue were carefully removed 
from each specimen. The tissue was _ thor- 
oughly homogenized in sterile normal saline 
solution in a ratio of 1 Gm. of tissue to 10 
ml. of saline. The homogenate was filtered 
through gauze to remove large particles, and 
then centrifuged at 2,000 r.p.m. at 5° ©. 
for 1 hour. The supernatant was removed as 
the antigen and frozen in small aliquots. 
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Human pancreatic antibody was obtained 
by the subcutaneous injection of 2 ml. of 
pancreatic antigen suspended in 1 ml. of 
Freund’s adjuvant into each of 4 rabbits at 
weekly intervals for a total of 4 injections. 
The rabbits were exsanguinated 1 week after 
the last injection, and the serum was pooled. 
Antibodies to normal human serum were 
adsorbed and the remaining serum frozen in 
small aliquots. 

Gel-diffusion studies, by the technique de- 
scribed by Ouchterlony,'’ were carried out 
at room temperature. Petri dishes were filled 
to a depth of 2 mm. with 1.5 per cent agar 
which contained a few drops of 0.1 per cent 
tincture of Merthiolate. Wells were created 
in the gel plates approximately 2 cm. apart 
and were filled twice during the first 24 
hours of the diffusion study. 

A clinical study was carried out in which 
the sera from 45 patients were tested against 
both pancreatic antigen and antibody by the 
gel-diffusion technique. Undiluted sera from 
16 patients with acute or chronic relapsing 
pancreatitis, 3 patients with carcinoma of the 
pancreas, 19 unselected medical and surgi- 
cal hospital patients, and 7 presumably 
healthy blood donors were examined. Each 
gel-diffusion reaction was carried out in 
triplicate, and the precipitation curves were 
recorded 1 week after the initial inoculation 
of the wells on the gel plates. The diffusion 
reactions were measured on the basis of in- 
tensity of precipitation lines between wells 
and recorded as 1 to 4 plus. The number of 
detectable antigen-antibody systems present 
in each case, as measured by the number 
of lines of precipitation on the diffusion 
plates, was also recorded. Serum amylase 
determinations were obtained within 7 days 
of the time blood was drawn for the diffu- 
sion studies. 


RESULTS 


Circulating pancreatic antibodies were de- 
tected in 15 of the 16 patients with pan- 
creatitis (Table I). Six of these patients had 
the diagnosis verified by laparotomy or au- 
topsy. In most instances, at least 2 or more 
distinct antigen-antibody systems were de- 
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tected, and these were of 2 to 3 plus in- 
tensity (Fig. 1). As many as 4 separate lines 
of precipitation were recorded in some cases; 
however, 1 or 2 systems were always con- 
siderably more prominent, and the addi- 
tional lines were generally faintly visible. The 
sera from 7 patients with pancreatitis con- 
tained circulating antigens which gave a 
positive precipitin reaction with antiserum 
to human pancreas. Sera from each of 3 
patients with histologically diagnosed carci- 
noma of the pancreas contained circulating 
antibodies and 2 of the patients had de- 
tectable antigens. 

Pancreatic antibodies were detected in 5 
of the 19 unselected medical and surgical 
patients, and circulating pancreatic antigen 
was found in 3 patients from this group. 
Four of the patients with detectable anti- 
bodies or antigens had marked inflammatory 
disease about the pancreas as a result of pep- 
tic ulcer, peritonitis, or carcinoma of the 
duodenum. One patient with lupus erythe- 
matosus had a single circulating pancreatic 
antibody, whereas the sera from another pa- 
tient with the same disease contained neither 
antigen nor antibody. A patient with per- 
sistent gastroenteritis who required laparot- 
omy was found to have 2 distinct circulating 
antigens, and a patient with carcinoma of 
the stomach had a single faintly detectable 
antigen. Two lightly detectable pancreatic 
antibodies were recorded in a patient with 
cirrhosis of the liver with esophageal varices. 
The serum from 1 of the 7 presumably 
healthy blood donors contained a very faintly 
visible single pancreatic antibody. 


EXPERIMENTAL DATA 


Canine pancreatic antigen and_ rabbit 
serum containing antibodies to dog pancreas 
were prepared and stored in the same man- 
ner as that described previously for the hu- 
man antigen and antibody. Sera obtained 
from 10 immunized and 4 normal rabbits 
were frozen and stored. Samples of anti- 
serum from each of the immunized rabbits 
were individually tested against the pooled 
pancreatic antigen on the gel-diffusion plates. 
Sera from each of the rabbits contained at 
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Fig. 1. Photograph of gel-diffusion reactions in 
agar which demonstrates lines of precipitation 
between human pancreatic homogenate (C), and 
serum from patient with chronic relapsing pan- 
creatitis (B). No precipitin curves are seen 
migrating to the sera from a blood donor (A). 


Fig. 2. Photograph of gel-diffusion study which 
illustrates precipitin migration curves between 
canine pancreatic homogenate (B) and_ rabbit 
antiserum to dog pancreas (C). Normal dog serum 
(A) shows 2 faint lines of precipitation to anti- 
serum to dog pancreas. 


least 5 distinct antibody systems to dog pan- 
creas, and almost all were of 3 to 4 plus 
intensity (Fig. 2). The rabbit antisera were 
then pooled and stored. 

Six normal adult mongrel dogs which 
weighed from 10 to 15 kilograms were given 
intravenous injections of rabbit antiserum 
to dog pancreas. Blood was drawn immedi- 
ately prior to and at frequent intervals after 
the antiserum injection, and serum amylase 
and lipase values determined. The serum 
amylase was measured in units by a modifi- 
cation of the Somogyi method.* The serum 
lipase was recorded in units and determined 
by the olive oil method.® 

Three dogs were given infusions of the 
pooled rabbit antiserum in a dosage of 3 
ml. per kilogram of body weight. A fourth 
dog received normal rabbit serum in the 
same dosage. In the experimental animals 
circulating antibodies were detected within 
1 week of the antiserum infusion. Elevations 
in the serum amylase values were recorded 
within 4 days; they were noted to decrease 
only slightly during the first 2 postinfusion 
weeks, with a gradual return to normal lev- 
els within 1 month (Fig. 3). The control 
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animal showed minimal changes in seru1 
amylase values. A similar but less _pro- 
nounced change was recorded in  seruin 
lipase determinations (Fig. 4). Emesis and 
diarrhea occurred sporadically in each of 
the animals including the control dog. At 
autopsy | month after the antiserum infu- 
sion, the histologic appearance of the pan- 
creas of each animal was normal. 

In a second group, 3 dogs were infused 
with rabbit antiserum, 2.5 ml. per kilogram, 
and then given a second infusion of 2 ml. 
per kilogram 12 days later. A control ani- 
mal received normal rabbit serum on the 
same dosage schedule. Elevation of both 
serum amylase and lipase levels was again 
recorded, with a second slight increase in 
both enzyme determinations observed after 
the second antiserum infusion (Figs. 5 and 
6). The amylasemia was more prolonged 
in the experimental animals, and the clini- 
cal symptoms were more prominent in each 
of the dogs in this group. These animals 
have been preserved for long-term follow-up 
studies. | 


COMMENT 


The etiology of chronic relapsing pan- 
creatitis in human beings has not been 
clearly defined. Pancreatitis has been _pro- 
duced in animals by various investigators 
with a multitude of techniques which, in 
general, involved reflux or injection of ma- 
terials into the pancreatic ducts, direct 
trauma to the gland, infection of the gland 
or ducts, and disturbance of the vascular 
supply of the pancreas. These factors are un- 
doubtedly of significance in the production 
of pancreatitis; however, the recurrent na- 
ture of the disease in many instances sug- 
gests the presence of a hypersensitive state. 
Delayed hypersensitivity combined with the 
patient’s ability to produce and maintain a 
high level of antibodies against his own pan- 
creas for a protracted period may be of sig- 
nificance in the production of tissue damage. 

The clinical results in the present study 
demonstrate that the sera of patients with 
recurrent pancreatitis and carcinoma of the 
pancreas contain one or more precipitating 
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Table I. Clinical patients examined for circulating pancreatic antibodies and 
antigens 


Serum No. of 


contains systems 
circulating detected 
Patient | Age, race, Serum | Anti- | Anti- | Anti- | Anti- 


No. and sex Disease amylase | body | gen | body | gen 


Patients with acute or chronic relapsing pancreatitis 


1 39 WF Chronic relapsing pancreatitis 395 1+ 3+ 1 1 
2 44 WF Chronic relapsing pancreatitis 510 2+ 2+ 2 2 
3 38 WM Chronic relapsing pancreatitis 450 3+ 0 4 - 
4 40 NM Pancreatitis with pancreatic pseudocyst 495 2+ 1+ 2 2 
5 46 WM _ Recurrent alcoholic pancreatitis 455 2+ 0 2 a 
6 41 NM _ Chronic relapsing pancreatitis 480 2+ 0 1 
7 38 WM _ Recurrent alcoholic pancreatitis 28 0 0 - 
8 64 WM Chronic pancreatitis 264 3+ 0 2 - 
9 46 WM Chronic relapsing pancreatitis 66 $+ 0 2 - 
10 39 WM Acute pancreatitis 1,200 2+ 0 2 - 
11 46 WM Chronic pancreatitis, diabetes 340 2+ 0 | - 
12 41 NM _ Recurrent alcoholic pancreatitis 576 2+ 0 2 
13 40 NM _ Chronic relapsing pancreatitis 480 2+ 1+ 1 1 
14 25 CM _ Chronic relapsing pancreatitis 500 3+ 2+ 2 1 
15 46 NM _ Recurrent alcoholic pancreatitis 700 3+ 2+ 4 1 
16 67 WM_ Relapsing pancreatitis, diabetes 152 3+ 0 1 - 
Patients with other pancreatic disease 
17 57 WF Carcinoma of pancreas — 2+ 0 3 - 
18 45 WM Carcinoma of pancreas 1+ 1+ 1 1 
19 61 WM _ Carcinoma of pancreas —- 1+ 2+ 1 2 
Unselected medical and surgical patients 
20 — Gastroenteritis ~ 0 2+ - 2 
21 — Gastrointestinal bleeder, duodenal ulcer — 2+ 0 3 = 
22 — Bowel obstruction with peritonitis -- 2+ 1+ 3 1 
23 — Carcinoma of duodenum — 2+ 0 1 % 
24 — Carcinoma of stomach — 0 1+ * 1 
25 — Cirrhosis with varices — 1+ 0 2 - 
26 = Lupus erythematosus — 2+ 0 1 
27 —- Lupus erythematosus — 0 0 - 
28 — Benign gastric ulcer — 0 0 - - 
29 —- Benign gastric ulcer ~— 0 0 - - 
30 = Acquired aortic and mitral insufficiency -— 0 0 - - 
31 — Arteriosclerosis with peripheral arterial 
occlusion — 0 0 - - 
32 — Cholecystitis and cholelithiasis — 0 0 - - 
33 — Acute lymphatic leukemia -~ 0 0 - - 
34 — Carcinoma of bladder = 0 0 - - 
35 — Carcinoma of rectum -= 0 0 - - 
36 — Carcinoma of lung —- 0 0 - ~ 
37 _— Carcinoma of colon = 0 0 - - 
Carcinoma of breast 0 0 - - 


Control group of blood donors 
39 


1+ 0 

40 — 0 0 
41 — 0 0 - - 
42 — — 0 0 - 
45 — 0 0 

_ 45 — 0 0 - ~ 
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Fig. 3. Graph which illustrates elevations in serum 
amylase values after intravenous injection of 
rabbit antiserum to canine pancreas into normal 
dogs. 
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Fig. 4. Graph which demonstrates elevations in 
serum lipase values after intravenous injection of 
rabbit antiserum to canine pancreas into normal 
dogs. 
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factors which react with extracts from ho- 
mologous pancreatic homogenate. Because of 
the crude preparation of the pancreatic anii- 
gen, plasma proteins and connective tissue 
were included in small quantities and immu- 
nologic reactions between these antigens and 
the patient’s sera cannot be excluded. How- 
ever, the increased reactivity of the pancre- 
atic extract with the sera from patients with 
pancreatitis strongly suggests the presence of 
one or more circulating autoantibodies to 
human pancreas in these cases. The identifi- 
cation of more than one detectable antigen 
which reacted with antiserum to human pan- 
creas in the sera of 4 of the patients with 
pancreatic disease and of 1 of the medical 
control patients also suggests that more than 
a single antigen-antibody system is present. 
In 2 clinical patients, circulating antigens 
were detected without antibodies being 
found. The sera from the passively immu- 
nized dogs did not contain detectable anti- 
gens. It is interesting to postulate from these 
findings that in the acute phase of the dis- 
ease the patient disseminates particles of tis- 
sue antigen which in turn stimulate the 
body’s immunologic mechanism to produce 
antibodies. Circulating antigens are appar- 
ently rarely found in the chronic phase of 
the disease when circulating antibodies are 
abundant. 

Waksman** points out that antigenic ma- 
terials which produce experimental auto- 
immunologic disease are similar in that al- 
most all are, to a certain degree, isolated 
from the vascular bed. Because of this isola- 
tion, they are, in a sense, regarded as alien 
substances by the immunologic apparatus. 
Leakage of pancreatic enzymes or precur- 
sors into the circulation may thus be anala- 
gous to leakage of thyroglobulin from a fol- 
licle with subsequent antibody production, 
cell destruction, and development of Hashi- 
moto’s thyroiditis. One might then infer that 
all nuclear and cytoplasmic constituents, 
which normally are not accessible to the 
vascular stream or “antibody-producing 
cells,” are potential antigens to which auto- 
antibodies may be developed. 

Thal? found circulating precipitating pan- 
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creatic antibodies in 32 of 36 patients with 
chronic pancreatitis and in a large per cent 
of patients with cystic fibrosis and carcinoma 
of the pancreas, as well as in occasional pa- 
tients with lupus erythematosus, ulcerative 
colitis, and diabetes. 

In preliminary studies, immunization of 
rabbits with specific crystallized pancreatic 
enzymes dispersed in Freund’s adjuvant has 
not caused production of complementary 
antiserum. The crystallized pancreatic en- 
zymes in various dilutions did not react with 
the sera from the human subjects in the 
present study. This information suggests that 
the several specific precipitin systems re- 
corded in a few of the clinical cases may 
represent circulating autoantibodies to one 
or more cellular constituents other than spe- 
cific pancreatic enzymes. Thal’? separated 
nuclear fractions of human pancreas by dif- 
ferential centrifugation and found that the 
cytoplasmic fraction alone functioned as an 
antigen. Human pancreatic juice failed tc 
react with the antiserum, and Thal suggests 
that the antigen is not derived from the 
enzymes, but rather from the endoplasmic 
reticulum of the pancreatic acinar cell. On 
the other hand, the observation by Robbins 
and his associates'* that the sera from pa- 
tients with lupus erythematosus fix comple- 
ment with desoxyribose nucleic acid indicates 
that the antigen in autoimmunologic dis- 
eases resides in the cell nucleus. 

The importance of distinguishing isoanti- 
bodies from true autoantibodies has been 
emphasized by Mackay."* The autoimmuno- 
logic status of the demonstable pancreatic 
antibodies is verified by the recent work of 
Thal and his associates?* who found that 
autologous pancreatic antigen prepared from 
a specimen removed at operation gave a 
positive precipitin reaction in a patient with 
pancreatitis. However, the same author had 
previously reported’ the case of another pa- 
tient with chronic pancreatitis who did not 
have antibodies reacting with autologous 
pancreas, although the sera of other patients 
with pancreatitis did have a positive pre- 
cipitin reaction against his isologous pancre- 
atic antigen.2* He also observed that anti- 
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bodies which were developed in an animal 
toward its own pancreas reacted with anti- 
gens derived from the pancreas of other ani- 
mals but not with its own pancreas. Mackay 
and associates’ found that sera from pa- 
tients with lupus erythmatosus and macro- 
globulinemia did not fix complement when 
tested against antigen prepared from autolo- 
gous tissues, although strong reactions oc- 
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Fig. 5. Graph which shows elevations of serum 
amylase values after repeated injections of rabbit 
antiserum to canine pancreas into normal dogs. 


04+ 


SERUM LIPASE IN UNITS (OLIVE OIL METHOD) 


! 
INJECTION 
(2.0 CC./KG.) 


DAYS 


msecrion 
(2.5 CC./KG) 


Fig. 6. Graph which shows elevations of serum 
lipase values after repeated injections of rabbit 
antiserum to canine pancreas into normal dogs. 


14 
A 
12 / \ 
/ 3 
10 
/ \ \ 
08 ~ q \ 
/ J DOG 2\ \ 
\\ 
06 \ \ 
\ 
5 
/ 7 \ \ 
\ 
Lose 4 CONTROL 
4 6 8 i0 12 i4 ie 20 


140 Fonkalsrud and Longmire 


curred when the same antigens were tested 
against homologous serum from _ patients 
with similar diseases. These findings suggest 
that only isologous reactions occur when tis- 
sue extracts contain substances capable of 
inhibiting reaction with homologous serum. 

The production of specific organic disease 
by direct sensitization of the normal animal 
with either homologous or isologous tissue 
has been reported by several investigators, 
although these experiments do not definitely 
implicate circulating autoantibodies as the 
cause of disease. Rose and Witebsky*! in- 
jected autologous thyroglobulin into the foot 
pads of rabbits and demonstrated circulating 
antibodies within 3 weeks. On removal of 
the remainder of the thyroid gland they 
found histologic features of typical Hashi- 
moto’s goiter. Thal*®** reports histologic 
pancreatic fibrosis with detectable circulat- 
ing pancreatic antibodies in dogs after 12 
to 18 months of immunization with autolo- 
gous and homologous pancreatic homogenate. 

The important question still unanswered 
is whether antibodies demonstrated in the 
autoimmunologic diseases are responsible for 
the destructive processes, or are merely im- 
munologic by-products of no pathogenetic 
significance. The critical evaluation of im- 
munologic reactivity, as recorded by ability 
to produce specific clinical disease by passive 
transfer of specific antiserum to normal ani- 
mals, perhaps would be to use antigen, anti- 
serum, and injected animals from the same 
species. The early work of Masugi'® demon- 
strated that clinical and histologic glomerulo- 
nephritis could be produced in normal rab- 
its within 1 week after intravenous injection 
of duck antiserum to rabbit kidney homogen- 
ate. Clinical lesions resembling ulcerative 
colitis have been produced in dogs by Le- 
Veen and associates'' by intraperitoneal in- 
jection of homologous colon antiserum pre- 
pared in rabbits and ducks. In the present 
study amylasemia and mild lipasemia were 
produced in dogs by intravenous injections 
of homologous pancreatic antiserum pre- 
pared in rabbits. The failure to demonstrate 
specific histologic changes in the pancreas of 
the animals sacrificed 1 month after the 
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antiserum injection despite the developm« nt 
of transient elevations of circulating pén- 
creatic enzyme levels perhaps indicates tliat 
an insufficient amount of antiserum was n- 
jected or that the animals were sacrificed 
prematurely. It is interesting to note tliat 
the pancreas in 2 of the rabbits immunized 
against dog pancreas with easily demonstra- 
ble antibodies showed no histologic pancre- 
atic disease. 

No histologic pancreatic changes were 
noted by Thal and his associates** 3 months 
after direct immunization with homologous 
pancreatic homogenate, despite the presence 
of circulating antibodies. Although Masugi" 
reports histologic kidney changes within | 
month of passive antiserum infusion, several 
factors are apparent which are not analo- 
gous to the present study. His studies indi- 
cate that the severity of the disease induced 
by passive transfer of antiserum varied 
directly with the ease of detection of anti- 
body in the antiserum and with the amount 
of antiserum injected into the recipient 
animals. The kidney is apparently a more 
labile organ than the pancreas and reflects 
minor environmental alterations in varied 
cellular changes much more readily. The 
histologic appearance of the pancreas in 
pancreatitis is generally one of fibrosis and 
scarring with less tendency toward chronic 
inflammatory and_ plasma-cell infiltration 
than is seen in thyroiditis, ulcerative colitis. 
and glomerulonephritis. The species variance 
in ability to produce antibodies to heterolo- 
gous tissue protein is not well understood at 
the present time. Thus, the antiserum to a 
heterologous antigen produced by ducks may 
differ in structure as well as immunologic 
reactivity from antiserum to the same anti- 
gen prepared in rabbits. 

The antigen has generally been regarded 
as a template about which specific antibody- 
producing cells can manufacture the com- 
plementary antibody. More recently 
Burnet** has theorized that the information 
needed to manufacture a given antibody 1s 
already inherent in certain mesenchymal 
cells of the organism. The antigen thus 
simply selects the cells capable of synthesizing 
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the corresponding antibody and stimulates 
them to proliferate and to produce more 
antibody. The capacity to make a given anti- 
body is thus present before antigenic contact. 
An explanation for immunologic tolerance 
is provided by the postulation that the im- 
mature antibody-producing cell at a certain 
stage is vulnerable to contact with antigen 
and that a meeting with the corresponding 
antigen will destroy or inhibit it before birth. 

Although the chemical composition, mode 
of formation, and pathogenetic significance 
of the antibodies in autoimmunologic dis- 
orders are, in general, poorly understood, 
their presence, as detected by the precipitin 
or other immunologic tests, may be of clini- 
cal diagnostic value for the present. 


SUMMARY 


Autoimmunization has been cited as a 
possible etiologic factor in the development 
of unexplained chronic disease in isolated 
organ systems. The etiology of chronic 
relapsing pancreatitis in human beings has 
not been clearly defined, although the recur- 
rent nature of the disease in many instances 


_ Suggests the possibility of a hypersensitive 


state. 

The clinical results detailed in the present 
study demonstrate that the sera of 15 of 16 
patients with pancreatitis and each of 3 
patients with carcinoma of the pancreas 
contain one or more precipitating antibodies 
which react with homologous pancreatic 
homogenate. One or more circulating pan- 
creatic antigens were detected in the sera 
of approximately half of these patients. Sera 
from healthy blood donors and patients with 
various medical diseases rarely showed these 
reactions. 

An attempt was made to create experi- 
mental pancreatitis by the injection of rabbit 
antiserum to canine pancreatic homogenate 
into healthy dogs. Elevations in serum am- 
ylase and lipase levels were detected within 
4 days after intravenous infusion of 3 ml. 
of pancreatic antiserum per kilogram of body 
weight. 

The mechanism underlying the formation 
of autoantibodies and the pathogenetic 
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significance of the antibodies in autoimmu- 
nologic disorders is generally incompletely 
understood; however, their presence as 
detected by various immunologic tests may 
be of diagnostic value at present. 


The authors gratefully acknowledge the con- 
structive advice of Drs. Henry E. Weimer and 
S. H. Lawrence and the technical assistance of 
Joyce Shiner. 
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cute necrotizing pancreatitis is as- 
sociated with a significant mortality rate. 
Death may supervene at the end of a pe- 
riod of profound shock associated with cyano- 
sis, dyspnea, myocardial failure, and acute 
renal insufficiency. Prompt recognition of 
the severity of the intravascular and extra- 
cellular fluid deficits followed by appropriate 
correction of the water, colloid, and crystal- 
loid deficit will frequently result in resuscita- 
tion of the patient. Unfortunately, these 
corrective measures may be unsuccessful. 
While the specific toxic agent responsible for 
the apparently irreversible vascular collapse 
remains unidentified, it is frequently asso- 
ciated with depression of the serum calcium 
concentration and clinical evidence of skel- 
etal muscle irritability. More recently, a fall 
in serum magnesium levels has also been 
noted.* 

A possible relationship between the de- 
pressed serum Ca** concentrations and al- 
terations in parathyroid function was sug- 
gested by a favorable response to the admin- 
istration of parathyroid hormone (PTH) by 
a patient with tetany associated with proved 
hemorrhagic pancreatitis. Pertinent chem- 
ical data from this patient are presented in 
Fig. 1. Clinically, the administration of 
PTH was followed by the disappearance of 
muscle twitching within 6 hours. This re- 
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The role of the parathyroid glands in 


calcium and magnesium 
metabolism in acute 


hemorrhagic pancreatitis 


sponse was especially significant since 4 in- 
travenous injections of calcium chloride (1 
Gm. each) had failed to alter the clinical or 
chemical findings. During the next week 
the patient developed evidence of adrenal 
insufficiency which was documented by an 
intravenous ACTH test. The changes in 
serum Ca** and PO,*, coupled with the re- 
sponse to PTH, suggested the possibility of 
parathyroid insufficiency as well as the more 
completely documented adrenal insufficiency. 

The correlation of hypocalcemia with a 
poor prognosis in hemorrhagic pancreatitis 
prompted an investigation into possible 
mechanisms which might be concerned with 
a fall in serum calcium and magnesium con- 
centrations. 

Alterations in serum calcium levels may 
be due to fluctuations in parathyroid function 
or, conversely, could be the cause of com- 
pensatory alterations in parathyroid activity. 
In order to eliminate any possible effect of 
changing parathyroid secretion, this study 
was carried out with parathyroidectomized 
animals maintained on a constant regimen 
of replacement therapy with A.T. 10 and 
constant calcium intake. The effect of acute 
necrotizing pancreatitis on calcium and mag- 
nesium metabolism has been compared in 
normal and parathyroidectomized animals. 


METHODS 


Total parathyroidectomy is difficult to 


achieve in dogs.'' A satisfactory technique 
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Fig. 1. Metabolic studies from a patient with 
severe hemorrhagic pancreatitis. The presenting 
signs were peripheral collapse, oliguria, and con- 
vulsions. 


for total thyroidectomy and bilateral neck 
dissection has been utilized and the effect of 
this procedure on serum calcium levels has 
been followed for periods of up to 9 months 
in a separate group of animals. 

A large midline cervical incision was 
made from well above the larynx to the 
manubrium. The sternomastoid and sterno- 
hyoid muscles were then mobilized and _ re- 
tracted laterally to expose the carotid 
sheaths. Both superior thyroid arteries were 
identified and divided at their origin and 
then the carotid sheaths were split from 
this point downward as far as possible into 
the superior mediastinum. All tissues within 
the area between the carotids and below the 
level of the superior thyroid arteries were 
removed en bloc. The pretracheal fascia and 
the areolar tissue which surrounds the esoph- 
agus were included. The recurrent nerves 
were stripped clean but left intact. The dis- 
section was then carried as far into the 
superior mediastinum as possible with re- 
moval of all fatty and areolar tissue. 

During the immediate postoperative pe- 
riod the animals required PTH and supple- 
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mental calcium by oral and _ parenteral 
routes. After approximately 1 week a constant 
program at A.T. 10, thyroid extract, and 
a fixed calcium diet was instituted. Depri- 
vation of A.T. 10 resulted in a fall in serum 
calcium levels and the appearance of clinical 
tetany. When A.T. 10 was discontinued 
several weeks after parathyroidectomy, the 
serum calcium level fell, frequently to levels 
of 3.5 mEq. per liter, but this was not asso- 
ciated with clinical signs of muscular irrita- 
bility. In 3 animals it was impossible to main- 
tain serum levels in spite of apparently 
adequate replacement therapy. Complete- 
ness of parathyroid removal was checked in 
each animal subjected to experimental pan- 
creatitis by temporary withdrawal of A.T. 10 
and observation of the fall in the serum 
calcium level. Three animals were followed 


for 9 months and then the A.T. 10 and 


high calcium diet were withheld. Serum 


Ca** levels fell to 3.3, 3.4, and 3.5, but 
tetany did not develop. 

Acute hemorrhagic pancreatitis was pro- 
duced by the method of Elliott.* The duo- 
denum was opened through a small incision 
just opposite the orifice of the main pancre- 
atic duct and a small catheter was gently in- 
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Fig. 2. Metabolic studies in a pair of typical ex- 
periments. Shaded areas represent the range of 
values during the control period of all normal 
dogs in this study. The animal without para- 
thyroid glands was maintained on a constant dose 
of A.T. 10 throughout the study. 
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milliliters of a 4 per cent solution of sodium 
taurocholate containing 500,000 U. of crys- 
talline trypsin at a pH of 7.5 was injected 
under manometric control at a pressure of 
10 cm. of water. The catheter was removed 
without ligation of the duct and the duo- 
denum closed. The quantity and concentra- 
tion of the injection mixture was worked out 
by trial and error to produce a moderately 
severe but nonfatal pancreatitis. After the 
injection, the pancreas was inspected for evi- 
dence of edema and hemorrhage in all ani- 
mals. All animals subjected to pancreatitis 
received 1,500 ml. of dextran over an 8-hour 
period. Blood samples for Ca**, Mg**, and 
- PO, were collected prior to the induction of 
pancreatitis, then at 2-hour intervals for 6 
hours, and also at 24 and 28 hours. Two-hour 
urine collections were obtained via an indwell- 
ing catheter and analyzed for Ca**, PO,*, 
and 17-ketosteroids. Ca*t, Mg**, and PO, 
were determined by standard methods**; 
17-ketosteroids by the method of Callow. 
Fourteen dogs with intact parathyroid 
-glands and 14 parathyroidectomized dogs 
were subjected to pancreatitis. One-half of 
each group received a single dose of 100 U. 
PTH 3 hours after development of pancrea- 
titis. Six additional animals with intact para- 
thyroid glands weré treated with 12 mEq. 
of Mg**, 1% and 3 hours after the develop- 


ment of pancreatitis. 


RESULTS 


The effect of pancreatitis on Ca**, PO,*, 
and Mg** metabolism in a single pair of ex- 
periments is shown in Fig. 2.* The animals 
with intact parathyroid glands (Group A) 
showed a fall in serum Ca**, PO,=, and Mg** 
levels. This was associated with a rise in 
urinary excretion of PO,= and Ca**, indica- 
tive of a secondary increase in parathyroid 
activity. Five of 7 animals in this group 
demonstrated an increased PO,= excretion, 
whereas Ca** excretion was increased in 4. A 
rise in Catt excretion did not occur when 


*Space limitations preclude the inclusion of the almost 
1,000 blood and urine values. These data are available 
from the Albany Medical College on request. 
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serted for a distance of about 3 cm. Ten 


145 


SERUM «J 
A ys c 
| 
mEq/L. 
4 
4 
34 J 
24  C Group A C Group C 
J] Group B _] Group D 
PTH 
246 24 48 24 48 
HOURS AFTER PANCREATITIS 
A B 


Fig. 3. Serum calcium values for all 4 groups of 
animals after the development of pancreatitis. 
Heavy lines represent the averages for each group. 
Brackets indicate the range of values observed 
for each group. Groups B and D are _ para- 
thyroidectomized animals. B shows the effect of 
a single dose of PTH. 


the serum Ca** level was below 4.2 mEq. per 
liter. Fig. 2, B, illustrates the chemical 
changes which occur after pancreatitis in an 
animal without parathyroid glands (Group 
B). Serum Ca** and Mg** fall to lower levels 
than are seen in dogs with intact parathyroid 
glands and there is no change in urinary 
PO, or Ca** excretion. 

Fig. 3 is a summary of the serum Ca** 
values in all groups of animals. There was a 
considerable spread of the values within 
each group so that in addition to the group 
average, the maximum and minimum con- 
centrations for each period are indicated. 
Although there is some overlapping between 
groups, it is apparent that animals without 
parathyroid glands suffered a more severe 
and more prolonged fall than was seen in 
animals with intact parathyroid glands. In 
addition, the administration of PTH pro- 
duced a rapid return of serum Ca** values 
toward the normal range. Only 1 animal in 
the group without either parathyroid glands 
or supplemental PTH had a serum Ca‘** 
level over 4.0 mEq. per liter at the end of 24 
hours, whereas all animals with both para- 
thyroid glands and additional PTH had 
levels of over 4.2 mEq. per liter. The pres- 
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Fig. 4. Serum magnesium values after pancreatitis 
in all groups. 


ence of either endogenous or exogenous 
parathyroid hormone tended to minimize 
the extent and duration of the hypocalcemia. 

Fig. 4 summarizes the changes in serum 
Mg** levels after the induction of pancre- 
atitis. Intact animals (Group A) suffered a 
significant decrease in 5 of the 6 experiments 
in which adequate samples were obtained. 
The lowest values in this group were 1.2 
mEq. per liter. All parathyroidectomized 
animals without supplemental PTH had 
serum Mg** levels of less than 1.2 mEq. per 
liter after the development of pancreatitis. 
In 1 animal the level fell to 0.8 mEq. per 
liter. The administration of PTH produced 
a rise in serum Mg** to the normal range by 
24 hours in all animals of Group C and in 
all but one of Group D. These data suggest 
that normal or increased amounts of para- 
thyroid hormone will minimize the fall in 
serum Mg** levels and also that the paren- 
teral administration of PTH will tend to in- 
crease the depressed values toward normal. 
Two additional animals received a constant 
infusion of Mg?’ during the induction of 
pancreatitis. Specimens of fat from the 
peritoneal cavity showed an eightfold in- 
crease in counting rates 3 hours after the 
introduction of the bile salts—trypsin mix- 
ture into the pancreatic duct. Of special 
interest was the finding of a significant 
amount of activity in samples of subcutaneous 
fat from the abdominal wall. Six animals 
with intact parathyroid glands were treated 
with 12 mEq. of Mg** by vein at 114 hours 


and 3 hours after induction of pancreatitis. 


No significant change in Mg** occurred but 


there was an indication that the serum Ca* 
in this group fell less than that in Group A. 
The average maximum fall in serum Ca* in 
the animals treated with Mg** was only 0.8 
mEq. per liter as compared with an average 
fall of 1.4 mEq. per liter in the untreated 
group. 

Serum and urinary PO,= values were some- 
what variable but nevertheless followed 
certain general patterns. Ten of 15 animals 
with intact parathyroid glands showed a fall 
in serum levels and 8 showed a significant 
increase in urinary excretion. These changes 
were generally associated with a fall in the 
serum Ca** level of more than 1 mEq. per 
liter. Animals without parathyroid glands 
started with higher PO,= values in the control 
period than normal dogs, with the highest 
values associated with the lowest serum 
Ca** levels. After the induction of 
pancreatitis, there was a fall in the serum 
PO,* level similar to that seen in animals 
with intact parathyroid glands, but this was 
not associated with an increased urinary 
PO,= excretion. The reason for this fall in 
the level of serum PO,= without an increased 
urinary loss is not clear. 

Excretion of 17-ketosteroids showed no 
definite pattern in any of the groups. ‘There 
was no clear-cut evidence of either in- 


creased or diminished adrenal cortical 
function. 
COMMENT 


Acute hemorrhagic pancreatitis may re- 
sult in a significant fall in serum Ca** con- 
centration. The clinical observation of a 
striking improvement in neuromuscular 1r- 
ritability with a simultaneous rise in serum 
Ca** levels after the administration of PTH 
in a patient with pancreatitis suggested the 
present experimental study. The technique 
described by Elliott* will regularly produce 
severe necrotizing pancreatitis in the dog 
and usually results in a significant fall in 
serum Ca‘* and Mg** concentrations. The 
possibility of altered parathyroid function 
acting either to augment or minimize thes¢ 
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changes indicated the desirability of remov- 

ing the parathyroid glands and maintaining 
the animals on a fixed replacement regimen. 
The dosages of A.T. 10 and calcium were 
sufficient to maintain most of the animals 
in essentially normal calcium and phosphate 
balance so that the changes which occurred 
after pancreatitis developed cannot be 
ascribed to a deficiency of circulating hor- 
mone. If clinical pancreatitis was associated 
with a hypoparathyroid state, the animals 
on A.T. 10 maintenance therapy should 
have been protected instead of suffering a 
more profound fall in serum Ca** level. 

The presence of increased parathyroid 
activity in normal animals subjected to ex- 
perimental pancreatitis is indicated by a less 
profound fall in serum Ca** levels than 
occurred in the parathyroidectomized group 
and also by the increased PO,= excretion. In 
addition, the administration of exogenous 
PTH further minimized the chemical altera- 
tions after the development of pancreatitis. 
The mechanism which leads to increased 
parathyroid activity after a sudden fall in 
serum Ca** levels is suggested by the studies 
of Patt and Luckhardt,® who perfused para- 
thyroid glands with calcium-free blood and 
noted the release of a Ca** mobilizing factor. 
The protective action of circulating PTH on 
serum Ca** levels is probably due to the 
ability of PTH to induce bone resorption 
and hence mobilize bone calcium.® 

A fall in serum Mg** levels in pancreatitis 
has been previously reported.? The possibil- 
ity that this is due to precipitation of Mg** 
in areas of fat necrosis has been substanti- 
ated by the studies with Mg?* which demon- 
strated increased quantities of radioactive 
material, not only in the areas of gross fat 
necrosis within the peritoneal cavity, but 
also in subcutaneous fat. It appears that 
circulating pancreatic enzymes cause lipolysis 
in central and peripheral fat depots which 
releases sufficient amounts of free fatty acids 
to account for the binding of significant 
quantities of Mg**. 

The protective action of the parathyroid 
glands in limiting the fall in serum’ Mg*+ 
concentration, as well as the effect of exoge- 
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nous PTH in restoring these values to normal, 
suggests a possible direct action of PTH on 
magnesium metabolism. This concept is not 
supported by data from our parathyroid- 
ectomized animals prior to the induction of 
pancreatitis or by the studies of Roberts.’° 
Serum magnesium values were essentially 
identical in all groups with or without re- 
placement therapy. A possible explanation 
for the rise in serum magnesium level 
after the injection of PTH comes from the 
observation that patients with hyperpara- 
thyroidism apparently mobilize bone stores 
of Mg** along with Ca**.t The action of PTH 
in producing resorption of bone would liber- 
ate Mg** along with Ca** and PO,= and 
tend to increase serum levels of all three.’° 

The sequence of metabolic events which 
occur in hemorrhagic pancreatitis therefore 
seems to be first a fall in serum Ca** and 
Mg** levels due to binding of these ions in 
areas of fat necrosis, both within the perito- 
neal cavity and in the fat depots. The lowered 
serum calcium level stimulates the para- 
thyroid glands with increased bone re- 
sorption and increased PO,= excretion. Bone 
resorption then results in liberation of Ca** 
and Mg** into the circulation and a rise in 
serum concentrations. 

The clinical significance of hypocalcemia 
and hypomagnesemia in hemorrhagic pancre- 
atitis or the therapeutic implications of PTH 
administration was not determined in this 
study. These studies emphasize that pancre- 
atitis may be accompanied by alterations in 
serum Meg** level which in turn could ac- 
count for some of the clinical findings here- 
tofore ascribed to widespread tissue damage 
or nonspecific toxic materials. 

The severity of the pancreatitis and the 
fluid therapy in this study were deliberately 
set to insure survival of the animals. Only 
an occasional animal died and no group of 
experiments was significantly affected. The 
response of the animals to PTH was therefore 
assessed only in terms of biochemical altera- 
tions and not in terms of the natural history 
of the disease. The question of whether the 
lowered serum Ca** and Mg** levels are 
merely an indication of the severity of the 
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disease or whether they play a direct role 
in the fatai outcome remains unanswered. 
The possibility that the pallor, cyanosis, and 
peripheral collapse frequently seen in severe 
pancreatitis might be due at least in part to 
hypomagnesemia is suggested by the dra- 
matic clinical improvement noted in the pa- 
tient treated with PTH. Additional clinical 
studies on the effects of PTH on patients 
with pancreatitis will have to be carried out 
to produce a satisfactory answer to this 
question. 


CONCLUSIONS 


1. Experimental pancreatitis results in a 
significant fall in serum calcium and mag- 
nesium concentrations. 

2. Lowered serum calcium levels were 
associated with blood and urinary changes 
consistent with increased parathyroid ac- 
tivity. 

3. Parathyroid hormone of either endoge- 
nous or exogenous origin favorably modified 
the magnitude and duration of the depression 
of serum calcium and magnesium levels. 

4. These experimental studies, supported 
by metabolic studies in a patient with hemor- 
rhagic pancreatitis, suggest that PTH may 
have a beneficial effect on the clinical course 
of patients with depressed serum values of 
calcium and magnesium in association with 
acute hemorrhagic pancreatitis. 
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DISCUSSION* 


Dr. William G. Anlyan (Durham, N. C.). I 
shall confine my remarks to the paper by Dr. 
Elliott and his colleagues who have done a fine 
piece of work. It may be recalled that before this 
Society in 1957 we presented our arbeit on some 
of the pathologic and physiologic alterations 
which result from chronic ductal obstructions 
with Vinylite injection of the ductal system of 
the pancreas in dogs. At that time an incidental 
finding was that 50 per cent of our animals with 
ductal obstruction followed 6 months or longer 
had multiple duodenal ulcers. We did not know 
at that time whether this was purely a pH prob- 
lem of keeping the alkaline pancreatic juices out 
of the duodenum or whether there might be a 
hormonal component responsible for the ulcera- 
tion. This diligent work by Dr. Elliott and his 
co-workers would tend to substantiate the latter 
possibility. 

Dr. Edwin H. Ellison (Milwaukee, Wis.). The 
authors are to be congratulated on a beautifully 
conceived and executed study. I agree with Dr. 
Elliott that the hyperacidity resulting from ex- 
clusion of pancreatic juice from the duodenum 
either by construction of a fistula or by total 
pancreatectomy most likely resulted from the 
impaired digestion of fat. The consistent and 
marked increase of acid secretions from Heiden- 
hain pouches after obstruction of the pancreatic 
ducts alone is certainly most significant and sug- 
gests not only a gastric secretagogue arising from 


*Discussion of papers by Elliott, Taft, Passaro, and 
Zollinger; Fonkalsrud and Longmire; and Hernandez, 
Powers, and Frawley. 
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the pancreatic islets but also raises the question 
as to whether or not a gastric inhibitor is pro- 
duced by the acinar cells of the pancreas. 
Failure to isolate gastrin-like hormone by 
Gregory's method from the normal pancreas 
might be dependent in part upon the presence of 
this inhibitor substance in the extract. Failure to 
abolish the hypersecretion by resection of the ob- 
structed pancreas is somewhat disconcerting but 
also points toward the presence of an inhibitor 
in normal acini. Similar happenings have also 
been reported in ulcer patients after removal of 
a solitary benign ulcerogenic tumor with the 
vagus nerves and stomach still intact. In these 
instances hypersecretion subsided gradually which 
suggested a gradual reduction of the hyperplastic 
parietal cell mass to normal. With this in mind, 
I would like to ask Dr. Elliott how long he has 
observed his animals after resection of the ob- 
structed pancreas. 

Dr. Thomas T. White (Seattle, Wash.). I cer- 
tainly have enjoyed listening to these 3 papers, 
but I will discuss only the first one. First, we 
have been making chronic pancreatic fistulas for 
the study of the external secretion of the pancreas 
for about 6 years. We have made approximately 
400 of these, some of which have been maintained 
for as long as 5 months. To date we have not 
seen an ulcer in any of these dogs. We have 
never performed any pouch experiments. Second, 
no ulcer appeared in 25 totally pancreatectomized 
dogs used by the department of medicine for 
glucagon studies. I think that the mechanism 
for the hypersecretion which Dr. Elliott found 
in his Heidenhain pouch is illustrated here. Emul- 
sification is needed to produce duodenal inhibition 
through the enterogastrone mechanism as indicated 
by Sircus. Both bile and pancreatic juice are 
needed to produce emulsification. All of these ex- 
periments interfere with one or other of the 
factors which facilitate emulsification. 

Dr. Stanley R. Friesen (Kansas City, Kan.). 
I wish to discuss the paper presented by Dr. 
Elliott. I think it might be appropriate to en- 
large a bit on the work that Prof. Gregory of 
Liverpool is doing. As he reported in the May 
14, 1960, issue of Lancet, he and his co-workers 
have been successful in extracting from an 
ulcerogenic non-insulin-secreting islet-cell pan- 
creatic adenoma a substance which has a high 
gastrinlike activity and which has no histamine 
activity. In December, 1960, we had occasion to 
take care of a patient who had the clinical find- 
ings of the Zollinger-Ellison syndrome with 
marked gastric hypersecretion, an ulcer in the 
third portion of the duodenum, gastric hyper- 
Plasia, duodenal nodularity, and at operation find- 
Ings of a pancreaticoduodenal islet-cell carcinoma 
wit! lymph node and hepatic metastases. I sent 
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tissue from the primary tumor, the lymph node 
metastases, and the hepatic metastases to Gregory, 
who found high gastrinlike activity in all 3 of 
these tissues. No histamine activity was found 
in these. For control, he is extracting for us 
tissues from non-islet-cell acinar adenocarcinomas 
of the pancreas with metastases which .show no 
gastrin activity. We believe this finding of non- 
histamine, high gastrin activity in the metastases 
of islet-cell carcinoma is the first such demon- 
stration. This observation strongly supports the 
humoral theory of the mechanism of the gastric 
hypersecretion in the Zollinger-Ellison syndrome. 

Dr. Herbert B. Greenlee (Chicago, Ill.). I 
would like to discuss Dr. Elliott’s paper. We 
have been doing similar work at the University 
of Chicago and I have 2 slides which illustrate 
some of our results. The first demonstrates that 
after complete and total ligation of the pan- 
creatic ducts, 5 of 6 previously controlled Heiden- 
hain pouch dogs showed a significant rise in the 
gastric secretory output up to 2% times that of 
control levels. We postulated that this effect 
might be mediated through the gastric antrum. 
However, the next slide illustrates that a similar 
increase occurred after pancreatic duct ligation 
in previously controlled vagotomized and antrec- 
tomized dogs. The animals in both series developed 
hypolipemia which was corrected by feeding raw 
pancreas, but with no corresponding return of 
the gastric secretion to control levels. 

Alan P. Thal (Minneapolis, Minn.). I would 
like to compliment Drs. Fonkalsrud and Longmire 
on their very well-presented paper. Our studies 
on circulating pancreatic antibodies in the human 
being entirely confirm their finding that the 
majority of patients with chronic pancreatic dis- 
ease show circulating antibodies demonstrable 
both by the Ouchterlony gel-diffusion technique 
and the Boyden tanned red-cell hemagglutination 
technique. 

The first slide compares an interaction between 
the gamma globulin of a patient with chronic 
pancreatitis and antigens derived from the pan- 
creas of various species. It will be seen that this 
reaction is entirely species specific. 

In the second slide, antigens were prepared 
from the tail of the pancreas and spleen of a 
patient undergoing caudal pancreatectomy for 
pancreatitis. The patient’s gamma globulin in the 
central well reacts only with pancreas extract 
which shows organ specificity. 

At the moment, we are studying children with 
cystic fibrosis and their near relatives. Forty of 
42 such children with proved cystic fibrosis have 
circulating antibodies, whereas only 5 of 108 
normal siblings were positive. In addition, 22 of 
28 mothers of children with cystic fibrosis showed 
pancreatic antibodies, 
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Finally, in long-term experiments, when 
chronic pancreatitis has been induced in an iso- 
lated segment of the uncinate process of the 
canine pancreas, we have found quite marked 
chronic. pancreatitis in the main pancreas after a 
period of 12 to 18 months. Analysis of such ex- 
periments is hampered by the occurrence of spon- 
taneous chronic pancreatitis in dogs. 

James T. Grace (Buffalo, N. Y.). I would like 
to comment briefly on the agar gel diffusion 
technique. Dr. Richard Metzgar and I have been 
concerned for some time with the reactivity of 
various normal and presumably immune human 
sera with extracts of different types of human 
tissue, normal and malignant. We were disturbed 
by the frequency with which lines appeared in 
the agar plates with all combinations of sera and 
tissue extracts when antigen-antibody reactions 
could not be demonstrated by other in vitro 
serologic tests. 

By use of immunoelectrophoresis, we found that 
the reactive serum components had the mobility 
of albumin and the reactive tissue extract com- 
ponents migrated in the alpha, globulin region. 
Since hemoglobin was present in all of our tissue 
extracts, and since this also migrates in the 
alpha. globulin region, we reacted crystalline 
albumin with crystalline hemoglobin in agar 
plates and observed lines similar to the ones which 
occurred with sera and tissue extracts. 

I mention these observations not to point out 
the binding capacity of albumin for hemoglobin 
components (this is well known), but rather to 
point out the problems involved in interpretation 
of agar gel diffusion reactions when whole serum 
and hemoglobin-containing tissue extracts are 
used. We advise caution in ascribing an im- 
munologic basis to such reactions unless this can 
be substantiated by other serologic methods. 

' Dr. Dan W. Elliott (closing). I certainly appre- 
ciate the generous remarks of Drs. Anlyan, Elli- 
son, White, Friesen, and Greenlee. Dr. Ellison 
asked how long we have watched animals after 
resection of an atrophic pancreas to see whether 
or not their hypersecretion would slowly subside. 
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We have with us in our laboratory animals in 
which this resection was performed last Septem- 
ber, about 6 months ago. Their hypersecretion 
remains unchanged. Since Dr. Friesen mentioned 
Gregory’s analysis of an ulcerogenic tumor, I 
want to add that this work is also going forward 
in our laboratory at Columbus. We have used 
Dr. Gregory’s method and have been able to 
duplicate his findings. We have found a gastrin- 
like substance in the hepatic metastases of an 
ulcerogenic tumor which, by electron microscopy, 
contained secretory granules typical of alpha 
cells. I appreciate Dr. Greenlee’s discussion of this 
paper since he has obtained findings which are 
very similar to our own, but previously were un- 
known to us. 

Dr. Eric W. Fonkalsrud (closing). I wish to 
thank the discussers for their very kind and con- 
structive comments on this controversial subject. 
The early studies by Dr. Thal and his associates, 
which related pancreatitis to autoimmunologic 
phenomena, were of considerable help ‘to us in 
establishing the techniques for the present study. 
This composite slide shows an immunoelectro- 
phoretic preparation in which the central trough 
is filled with goat antihuman serum. The well on 
one side of the trough contains normal human 
serum and the well on the opposite side is filled 
with the serum from a patient with pancreatitis. 
A specific stain for the beta lipoprotein fraction 
of the serum was used and here we see an ab- 
normal migration of this fraction in the serum 
from the patient with pancreatitis as compared 
to its normal location in the control serum. We 
have seen this altered migration pattern for beta 
lipoprotein in 2 other patients with pancreatitis 
and this suggests that perhaps the pancreatic 
antigen, or a least one of these antigens, might 
reside in this fraction of the serum. With regard 
to other methods of immunologic testing, we have 
used the complement fixation test on the serum 
of 4 patients with pancreatitis and recorded a 
positive reaction in 1 patient with a titer of 1 
to 8. 
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1. continuing controversy about the 


choice of operation for duodenal ulcer and 
debate regarding the role of the antrum 
in ulcer control led us to analyze the relative 
significance of the various factors which 
are known to reduce acid secretion. The 
evidence is very strong that duodenal ulcer 
is an acid-engendered disease; the acid, of 
course, is produced by the parietal cells. 
They are stimulated by 2 major mechanisms, 
vagal and antral. The vagi stimulate the 
parietal cells directly, and also stimulate the 
antrum to produce gastrin. Gastrin is pro- 
duced in response to antral distention and 
the presence of food, as well as by vagal 
stimulation. All three of these responses are 
greatly modified by the pH existing in the 
antrum at the time. An autoregulatory con- 
trol of acid by the antrum and duodenum, 
dependent on pH, undoubtedly exists, but 
whether the regulation is accomplished by 
control of gastrin production alone or by 
the production of an inhibitor substance as 
well is not yet clarified.* It is well established 
that the antrum left in an alkaline environ- 
ment is definitely ulcerogenic, but it is far 
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from clear whether the antrum retained in 
an acid environment favors or retards the 
development of peptic ulcer. It is also un- 
certain how the antral effect is modified by 
vagal denervation. Besides the vagal and 
antral stimulation of the acid-secreting 
parietal cells, there is a minor effect by 
humoral agents from the intestine and there 
is a role, as yet unclarified, played by the 
adrenal glands, pancreas, and other endo- 
crine glands. 

As surgeons, we approach the control of 
duodenal ulcer through the control of acid 
secretion. This we can do by vagally cener- 
vating the acid-secreting parietal cells, vagally 
denervating the antrum which is left in situ, 
excising the antrum, or resecting a varying 
percentage of the acid-secreting portion of 
the stomach. What is the relative impor- 
tance of each of these factors in ulcer con- 
trol? They cannot be studied individually 
in the human being, and they cannot be 
studied in experimental animals by pouch 
methods which only reflect the humoral 
phases of secretion. We must assess these 
factors in animals by the reduction in ulcer 
incidence which results. This approach has 
been used by a number of authors with the 
Mann-Williamson The  ac- 
cumulated experience of these investigators 
suggests that vagotomy of the whole 
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Surgory 


Pylorectomy and vagotomy 


innervated 


Preserved, vagally 
denervated 


10 


11 


12 


13 


14 


15 


16 


19 


Vagal denervation of antrum 
and pylorus 

Antrectomy 

Antrectomy and vagotomy 

Hemigastrectomy 

Hemigastrectomy and vagotomy 

Billroth I 

Billroth I and vagotomy 

Segmental 

Segmental and vagotomy 

Tubular 

Tubular and vagotomy (same 
series as No. 11) 

Radical Billroth I 

Radical Billroth I and va- 
gotomy 

Radical segmental 

Radical segmental and va- 
gotomy 


Radical tubular 


Radical tubular and vagotomy 
(same series as No. 17) 


Preserved, vagally 
denervated 


Resected 
Resected 
Resected 
Resected 
Resected 
Resected 


Preserved, vagally 
denervated 


Preserved, vagally 
denervated 


Preserved, vagally 
innervated 


Preserved, vagally 
denervated 


Resected 


Resected 


Preserved, vagally 
denervated 


Preserved, vagally 
denervated 


Preserved, vagally 
innervated 


Preserved, vagally 
denervated 


Intact, vagally denervated 


Intact, vagally innervated 


Intact, vagally innervated 


Intact, vagally denervated 


25% resected, remainder 
vagally innervated 


25% resected, remainder 
vagally denervated 


50% resected, remainder 
vagally innervated 


50% resected, remainder 
vagally denervated 


50% resected, remainder 
vagally innervated 


50% resected, remainder 
vagally denervated 


50% resected, remainder 
vagally innervated 


50% resected, remainder 
vagally denervated 


75% resected, remainder 
vagally innervated 


75% resected, remainder 
vagally denervated 


75% resected, remainder 
vagally innervated 


75% resected, remainder 
vagally denervated 


75% resected, remainder 
vagally innervated 


75% resected, remainder 
vagally denervated 


Proce- No. of | No. of 
dure No. Procedure Antrum Parietal-cell mass* dogs | ulcers 
1 Pylorectomy Preserved, vagally Intact, vagally innervated 5 5 


rho 


nh 


ho 


stomach has reduced the incidence of ex- 
perimental ulcers in the Mann-Williamson 
preparation, that antrectomy also has been 
effective, and that vagotomy and antrectomy 
combined have been even more effective. 


*The acid-secreting portion of the stomach. 


They were unable, however, to determine 


whether vagotomy exerted a beneficial effect 
through denervation of the antrum or 
through denervation of the acid-secreting 
mucosa, and were unable -to evaluate the 
effect of resection of increasing amounts of 
acid-secreting mucosa. The severe nutri 
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tional problems inherent in the Mann- 
Williamson preparation and the fact that 
it increases acid secretion may have affected 
their conclusions. 


METHODS 


We have previously described*® an experi- 
mental method of ulcer production in the 
dog which has proved to be very satisfactory 
for this study (Fig. 1). A 20 cm. length of 
terminal ileum with its mesentery intact 
was interposed after division of the first 
portion of the duodenum. Without the ad- 
dition of exogenous drugs, 80 per cent of 
these animals developed deep callous peptic 
ulcers in the ileal segment. Of particular 
importance was the fact that their nutrition 
remained satisfactory and the area proximal 
to the duodenum could be_ utilized for 
methods of ulcer control. 

By performing the surgical procedures 
commonly employed for duodenal ulcer, 
plus others particularly designed for investi- 
gation of the role of the vagus, antrum, and 
parietal-cell mass, we were able to separate 
these 3 factors and assess them individually 
(Fig. 2). In Table I are listed the proce- 
dures which were employed, the status of 
the antrum, the status of the acid-secreting 
mucosa (parietal-cell mass), and the num- 
ber of dogs used in each instance. Pylorec- 
tomy was performed instead of pyloroplasty 
because there was’ insufficient room for 
pyloroplasty between the pylorus and_ the 
short segment of duodenum proximal to the 
duodenoileal suture line. Vagal denervation 
of the intact antrum was carried out by 
division and resuture of the antral-body 
junction, and clearance of the lesser curva- 
ture of the stomach.® Vagotomy, when 
employed, was transabdominal. ‘Tubular 
gastrectomy and vagotomy results in the 
same preparation as segmental gastrectomy 
and vagotomy, so the 1 series of dogs was 
used to assess both procedures. Each proce- 
dure was tested in from 3 to 8 dogs, a total 
of 90 animals. Generally the ileal insert and 
the procedure being tested were performed 
in | stage, and if the animals did not die of 
hemorrhage or perforation they were 


Prevention of experimental peptic ulceration 153 


sacrificed at 3 months and the incidence of 
true ulcers noted. Only 1 procedure was 
evaluated in each animal. 


RESULTS 


As previously recorded, the ileal insertion 
procedure itself results in an ulcer incidence 
of 80 per cent.’ While the incidence of 
ulceration associated with each of these 
procedures is interesting, the number of 
animals in each series is small and no 
significant conclusions can be drawn on a 
comparative basis. On the other hand, when 
the physiologic variables previously men- 
tioned are compared, the number of animals 
is significant and the comparisons are prob- 
ably valid. 

There are 3 possible ways to deal with 
the antrum, (1) retain it as a vagally in- 
nervated antrum, (2) retain it as a vagally 
denervated antrum, or (3) excise it. Table 
II is a comparison of the ulcerogenic effect 
between procedures in which the antrum 
is retained and identical procedures in 
which it is excised. A significant reduction 
in ulcer incidence results from antral exci- 


lleal implant 


Fig. 1. The experimental procedure (from S. 
Forum 9: 455, 1959). 
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Fig. 2. Illustration of the procedures listed in Table I. Because of the small number 
of animals in each group, a comparison between procedures is not justified. — 


| 
Vou 
AL) 
at 
| 


Volume 50 Prevention of experimental peptic ulceration 155 


Number 1 


sion, but it will be noted that in some 
instances the preserved antrum is vagally 
innervated, while in others it is vagally 
denervated. If the antrum is retained, is its 
effect modified by vagal innervation? Table 
III is a comparison of the ulcerogenic effect 
in 3 series of animals (A, B, and C), in 
each of which the only variable is a change 


in the status of the antrum. These 3 series 
are combined to give more significance to 
the study, and the percentage of peptic 
ulceration under these three circumstances 
noted. Although the antrum is in contact 
with acid-secreting mucosa in all these pro- 
cedures, there is a marked reduction in ulcer 
incidence when the antrum is vagally de- 


Table II. Effect of antrectomy in 2 comparable groups 


No. of | No. of No. of | No. of 
Procedure dogs | ulcers Plus antrectomy dogs | ulcers 
Pylorectomy (No. 1) 5 5 Pylorectomy and antrectomy 5 2 
(No. 4) 
Vagal denervation of antrum and 4 3. Pylorectomy and antrectomy 5 2 
pylorus (No. 2) (No. 4) 
Pylorectomy and vagotomy (No. 2) 5 4  Pylorectomy, antrectomy, and 5 2 
vagotomy (No. 5) 
Segmental (No. 10) 5 1 + Billroth I (No. 8) 5 3 
Segmental and vagotomy (No. 11) 5 2 =Billroth I and vagotomy (No. 9) 5 1 
Tubular (No. 12) 5 5 Billroth I (No. 8) 5 3 
Tubular and vagotomy (No. 13) 5 2 Billroth I and vagotomy (No. 9) 5 1 
Radical segmental (No. 16) 7 4 Radical Billroth I (No. 14) 6 1 
Radical segmental and vagotomy 7 1 Radical Billroth I and vagotomy 8 1 
(No. 17) (No. 15) 
Radical tubular (No. 18) 3 Radical Billroth I (No. 14) 6 
Totals 51 29 55 17 
Per cent ulcer 57 31 
Table III. Incidence of ulcer when antrum was vagally innervated, vagally 
denervated, and resected 
Antrum Antrum 
preserved, No. | No. preserved, No. | No. |_ No. | No. 
vagally of of vagally of of Antrum of of 
Group innervated dogs | ulcers denervated dogs | ulcers excised dogs | ulcers 
A _ Pylorectomy 5 5 Vagal denervation 4 3 Antrectomy (Pro- 5 2 
(Procedure of antrum and cedure No. 4) 
No. 1) pylorus (Proce- 
dure No. 3) 
B= Tubular (Proce- 5 5 Segmental (Proce- 5 1 Billroth I (Proce- 5 3 
dure No. 12) dure No. 10) dure No. 8) 
C Radical tubular 3 2 Radical segmental 7 4 Radical Billroth I 6 1 
(Procedure ~ (Procedure ( Procedure 
No. 18) No. 16) No. 14) 
Totals 13 12 16 8 16 6 
Per cent ulcer 92 50 38 


156 Harrison et al. Surg. ry 
July 


nervated and a further reduction if it is 
excised. In Fig. 3 these results are expressed 
as a bar graph. 

When one pairs a series of procedures 
against an identical series with the addition 
of vagotomy, it is not surprising that the 


ANTRUM IN 
ANTRUM OUT 


ALL 
PROCEDURES 


VAGALLY NTRUM IN 
INNERVATED NTRUM OUT 


VAGALLY ANTRUM IN 
DENERVATED [antrum our 


ANTRUM IN incidence of ulceration is almost halved by 

the addition of vagotomy (Table IV), 
Fig. 3. The effect of the antrum on the develop- There are 2 obvious mechanisms whereby 
ment of experimental ulcer. vagotomy could reduce acid secretion and 


hence the incidence of ulcer. In this study 
we can evaluate the relative importance of 


Table IV. Effect of vagotomy in 2 comparable groups | 


No. of | No. of No. of | No. of | 

Procedure dogs | ulcers Plus vagotomy dogs | ulcers 

Pylorectomy (No. 1) 5 Pylorectomy and vagotomy (No. 2) 5 

Antrectomy (No. 4) 5 2  Antrectomy and vagotomy (No. 5) 5 2 

Hemigastrectomy (No. 6) 5 2  Hemigastrectomy and vagotomy 5 ] ( 
(No. 7) 

Billroth I (No. 8) 5 3 _—Billroth I and vagotomy (No. 9) 5 l | 

Segmental (No. 10) 5 1 Segmental and vagotomy (No. 11) 5 2 : 

Tubular (No. 12) 5 5 Tubular and vagotomy (No. 13) > 2 ' 

Radical Billroth I (No. 14) 6 1 Radical Billroth I and vagotomy 8 1 ' 

(No. 15) 

Radical segmental (No. 16) 7 4 Radical segmental and vagotomy 7 l 

(No. 17) 

Radical tubular (No. 18) 3 2 Radical tubular and vagotomy 7 1 

(No. 19) 

Totals 46 25 52 15 ; 

Per cent ulcer 54 29 ‘ 

( 

( 

Table V. Effect of vagotomy on parietal-cell mass (antrum previously denervated) 

Antrum vagally denervated, No. of | No. of No. of | No. of f 

P.C.M.* vagally innervated dogs | ulcers Plus denervation of P.C.M.* dogs | ulcers 1 

Vagal denervation of antrum and + 3 Pylorectomy and vagotomy (No. 2) 5 4 ! 

pylorectomy (No. 3) | 

: Segmental (No. 10) 5 1 Segmental and vagotomy (No. 11) 5 2 ( 

Radical segmental (No. 16) 7 4 Radical segmental and vagotomy 7 1 ( 

(No. 17) ( 

Totals 16 8 17 7 ( 


Per cent ulcer 50 41 


*Parietal-cell mass. 


+ + + 
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Table VI. Effect of vagotomy on parietal-cell mass (antrum previously excised) 


Antrum excised, No. of | No. of No. of | No. of 
P.C.M.* innervated dogs | ulcers Plus denervation of P.C.M.* dogs | ulcers 
Antrectomy (No. 4) 5 2 Antrectomy and vagotomy (No. 5) 5 2 
Hemigastrectomy (No. 6) 5 2 Hemigastrectomy and vagotomy e 1 
(No. 7) 
Billroth I (No. 8) 5 3 Billroth I and vagotomy (No. 9) 5 1 yy 
Radical Billroth I (No. 14) 6 1 Radical Billroth I and vagotomy 8 1 ; 
(No. 15) 
Totals 21 8 23 5 
Per cent ulcer 38 21 


*Parietal-cell mass. 


denervation of the antrum and denervation ALL joe INTACT Ee 

of the acid-secreting parietal-cell mass. An 

. VAGOTOMY | vaous INTACT 
analysis of the effect of vagotomy on the OF ANTRUM VAGOTOMY 
acid-secreting mucosa alone can be studied VAGOTOMY OF | vacus intact 
by studying 2 comparable groups, those in 
which the antrum has been previously Fig. 4. The effect of the vagus nerve on the 
denervated by the primary procedure development of experimental ulcer. 


(Table V) and those in which the antrum 
has been previously excised (Table VI). An 
analysis of these 2 groups together (Table 40 


VII) shows that vagotomy of the parietal- 
cell mass only reduces the incidence of 30 | 
ulceration slightly, whereas from Table II 
we have seen that vagotomy of the antrum 9 
20 7 
has a much more marked effect. The effect ULCER 
of vagotomy on the incidence of ulceration 
is expressed diagrammatically in Fig. 4. 10 4 
There are 2 series in which the only vari- Escecass cee 
able is the percentage of parietal-cell mass 
. 0 25 50 75 100 
excised. They enable us to assess the effect 
of this factor on the incidence of ulceration % PCM EXCISED 
(Table VIII). No decrease in ulcer inci- Fig. 5. The effect of excision of successive quar- 
dence occurs until the extent of excision ters of the parietal-cell mass on the development 
exceeds 50 per cent, so that if we depend on of experimental ulcer. 
excision of the acid-secreting mucosa alone - 


for ulcer control, the excision must be ex- 
tensive. In 5 animals all of the acid-secreting 
mucosa was excised by the method described 


Table VII. Effect of vagotomy on 
parietal-cell mass (combined data) 


by Williams.'! It is interesting that no ulcers Denervated 
developed. This group is not considered in Innervated parietal-cell fen 
, detail because it does not lend itself to a No. of | No. of | No.of | No.of i 
omparison with those with the other proce | | | 


dures, although it is useful in illustrating 


Total 37 16 40 12 
the effect of excision of the acid-secreting i 


mucosa (Fig. 5). Per cent ulcer 43 : 30 
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physiologic studies.’° Nevertheless, these 
studies on ulcer suggest that the antrum’s 
ulcerogenic effect exceeds its autoregulatory 
effect, and that this is particularly true if 
the antrum is vagally innervated. Thus, if 
the antrum is retained it should be vagally 
denervated or, better yet, excised. In this 
paper we are only considering the problem 
of duodenal ulcer from the point of view 
of ulcer recurrence, and there are situations 
such as the difficult duodenum in which 
preservation of the antrum may be desirable 
to avoid death. Besides death and ulcer re- 
currence in duodenal ulcer operations, one 
must of course consider the important prob- 
lem of postoperative morbidity. 

We were not surprised to find a significant 
reduction in ulcer incidence by vagotomy, 
but we were surprised that vagotomy of the 
antrum is much more significant than vagot- 
omy of the parietal-cell mass. 

One might have anticipated a linear re- 


From a practical point of view, we, as 
surgeons, can still elect to approach the 
problem of ulcer control by vagotomy, exci- 
sion of the antrum, or excision of the acid- 
secreting mucosa. What do the presently 
employed procedures for duodenal ulcer ac- 
complish, and what is the explanation for 
their effectiveness? If these procedures on 
dogs truly reflect the situation in clinical 
duodenal ulcer, our conclusions appear 
justified. 

The Billroth procedures accomplish an- 
trectomy and resection of 25 to 55 per cent 
of the acid-secreting portion of the stomach. 
Antrectomy is very effective, but unless the 
resection takes 75 per cent or more of the 
whole stomach the excision of the parietal- 
cell mass is not nearly as effective as the 
antrectomy. The addition of vagotomy of 
the residual gastric pouch after resection 
cannot be expected to accomplish much in 
reducing the incidence of ulcer. The smaller 


Table VIII. Effect of parietal-cell excision on subsequent ulcer development 
a No. of | No. of No. of No. of nel 

Group © No. P.C.M.* excision dogs ulcers 25% P.C.M. excision dogs ulcers 
A Antrectomy (No. 4) 5 2 Hemigastrectomy (No. 6) 5 27 fillroth 
B Antrectomy and vagotomy 5 2 Hemigastrectomy and vagotomy 5 | Billroth 
(No. 5) (No. 7) 
Totals 10 4 
Per cent ulcer 

*Parietal cell mass. ao 
COMMENT duction in ulceration as increasing amounts t 
Because of our previous work on the of acid-secreting mucosa were excised, but I 
autoregulaiory role of the antrum these if the results from this small series of ani- \ 
results were surprising. We rather expected mals are valid, such is not the case. They f 
that the beneficial autoregulatory role of suggest that the addition of a limited exci- I 
the antrum exceeded its ulcerogenic ca- sion to antrectomy will not significantly ( 
pacity, and that its presence in an acid reduce the incidence of ulceration, except s 
environment would tend to protect against that it helps to ensure complete excision of s 
ulceration. We also thought that it would the antrum. It appears that the parietal- t 
be more effective in this regard if it were cell mass is a target gland being acted upon t 
vagally innervated. We doubted that vagal by several stimuli, and in such a situation 1 
stimulation of the antrum and subsequent elsewhere in the body one does not achieve t 
gastrin production by this mechanism was a significant reduction in effect unless a sub- ( 
very significant, for it has been extremely total resection of the target organ is per- ( 
difficult to demonstrate its presence at all by formed. | \ 
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No. of | No. of 


No. of | No. of 


50% P.C.M. excision Dogs ulcers 75% P.C.M. excision dogs ulcers 
Rillroth I (No. 8) 5 3 Radical Billroth I (No. 14) 6 1 
Rillroth I and vagotomy (No. 9) 5 1 Radical Billroth I and vagotomy 8 1 

(No. 15) 


the residual pouch, the less effective it will 
be. The combination of antrectomy and 
vagotomy owes most of its effect to the 
former aspect of the procedure. Segmental 
resection owes much of its success to vagal 
denervation of the antrum. Dr. Wangen- 
steen’s 70 per cent resection of the acid- 
secreting mucosa has. successfully prevented 
the development of recurrent ulcer. A con- 
traction of this may prove inadequate. 
Tubular resection probably failed because 
the antrum was vagally innervated. Vagot- 
omy with drainage succeeds in the majority 
of patients because of the effectiveness of 
vagal denervation of the antrum and, to a 
lesser extent, because of vagal denervation 
of the acid-secreting mucosa. In this discus- 
sion of choice of surgical procedures for 
duodenal ulcer, we have considered only 
the problem of recurrent ulcer. Many other 
factors enter into the decision, but it is 
useful to know the relative effectiveness of 
each surgical maneuver in terms of preven- 
tion of ulcer recurrence. 


SUMMARY 


In a series of 90 dogs the relative im- 
portance of vagotomy, antrectomy, and re- 
section of the acid-secreting body of the 
stomach in preventing peptic ulceration was 
investigated. This is a study on an experi- 
mental ulcer in a dog, but in the past the 
correlation between man. and the dog has 
been significant in the field of peptic ulcer. 

Although the autoregulatory role of the 
antrum in acid control is a physiologic fact, 
its ulcerogenic qualities exceed its beneficial 


potential. Thus, if it is excised the incidence 
of peptic ulcer is almost halved. If retained, 
its ulcerogenic properties are much reduced 
by vagal denervation. 

Vagal denervation of the intact stomach 
also reduces the incidence of ulceration by 
almost one-half. When one considers its 2 
possible pathways, vagotomy of the acid- 
secreting mucosa is not nearly as effective as 
vagal denervation of the antrum. 

Resection of the acid-secreting mucosa is 
of course effective in preventing ulceration, 
but it must exceed 50 per cent before the 
incidence of ulcer is significantly reduced. 
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DISCUSSION 


Dr. Sam E. Stephenson, Jr. (Nashville, Tenn.). 
I want to say how much I enjoyed this presen- 
tation of some exhausting work. Anyone working 
in this area knows the many problems involved. 
I must say first that we completely agree and 
over the last 14 years vagotomy and antrectomy 
has been our procedure of choice for duodenal 
ulcer. The slide shows untilization of only the 
ulcer recurrence rate as a method of acceptability. 
Over the last 14 years we have built up a series 
of 832 patients. This shows the breakdown of 
the 804 patients whom we have been able to 
follow. In this group there have been 5 recurrent 
ulcers. Of these recurrences, one is a_ possible 
incomplete vagotomy. The lady bled massively 
and because of her shocklike picture, time was not 
taken to explore the hiatus. A higher resection 
was performed. Three other patients have a 
proved incomplete vagotomy. There has been 1 
case of a malignant Zollinger-Ellison tumor. This 
gives an over-all incidence of 0.6 per cent. It 
is interesting that all of our recurrent ulcers have 
occurred within the first 24 months after the 
operation. 

Dr. Lloyd M. Nyhus (Seattle, Wash.). I, too, 
agree that we have seen an extremely large 
group of experiments here today. My only com- 
ment is that perhaps each category should be 
enlarged. For a number of years, we have heard 
about antral acid inhibition, and therefore we 
have thought of the antrum in a protective rather 
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than a destructive role. Dr. Harrison and _|.is 
colleagues have presented studies which seem to 
incriminate the antrum as a foe. It is important 
that we understand the basic role of the antruin. 
The local effect of distention and of secretogogues, 
which we call the local antral phase, is well 
known. The most fascinating and most recent area 
of development has been the release of gastrin by 
vagal stimulation, called the vagal antral phase. 
This slide shows the concept of using insulin 
hypoglycemia to stimulate the vagus nerve and 
cause a specific release of acid from a Heidenhain 
pouch. In this experiment, with a denervated 
pouch, the output of acid relates to the release 


of gastrin by vagal stimulation. When the vagus 


nerve has been severed there is marked decrease 
in the acid output due to vagal stimulation. On 
the basis of these and other experiments, we have 
concluded that gastrin release by vagal stimula- 
tion represents a significant portion of the totai 
release of gastrin in the spectrum of antral 
stimulatory mechanisms. Finally, the experience 
presented here by Dr. Harrison gives additional 
evidence that the ulcer recurrence rate in _ pa- 
tients of less than one-half of 1 per cent reported 
after approximately 4,000 combined operations, 
that is, vagotomy plus antrectomy, will remain 
at this astoundingly low level. : 

Dr. R. Cameron Harrison (closing). I would 
like to thank Drs. Stephenson and Nyhus for their 
discussion. With respect to the number of animals, 
I hope no one will draw any conclusions from 
the incidence of ulceration noted after each proce- 
dure. One cannot draw conclusions from 5 to 8 
animals, but the number of animals compared 
with respect to the vagus, antrum, and parietal- 
cell mass does provide evidence of the ulcerogenic 
role. 

Earlier this afternoon there was discussion 
regarding the role of hypersecretion in experi- 
mental peptic ulcer. We investigated this in 4 
animals using pouch secretion as an index, and 
were unable to demonstrate any increase in acid 
secretion after the ileal insert procedure. 

It is indeed surprising that the vagal-antral 
mechanism is so important, as it took physiologists 
and surgeon-physiologists a very long time to 
demonstrate that this mechanism even existed. 
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clinic is clear’ 2: 5-8» 12-14. 


of tissue defense remain obscure. 


velopment of the lesion ? 


the experimental lesion. The period of de- 
velopment can be defined as the interval 
between the arrival of bacterial cells in 
tissue (primary lodgment) and the crea- 
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t has become obvious over the past few 
years that current antibiotic substances do 
not control all infections caused by the 
staphylococcus. Thus, the importance of 
preventing infection rather than dealing 
with an already established lesion remains 
critical. Since antibiotics, under a large 
variety of circumstances, are known to 
prevent bacterial growth, it is logical to 
attempt to use them to prevent such bac- 
terial complications as pneumonia or inci- 
sional infections. That they have proved 
ineffective after a widespread trial in the 
; however, the rea- 
sons for this failure in terms of the biology 
Before 
complete abandonment of the idea of anti- 
biotics as aids in the prevention of bacterial 
growth in tissue, it would be well to at- 
tempt to answer one question—is_ there 
any time during the period of development 
of a primary bacterial lesion during which 
systemically administered antibiotics are ef- 
fective in preventing or inhibiting the de- 


To answer this question it is necessary 
first to define the period of development 
of a primary bacterial lesion and, second, 
to compare the effects of antibiotics at 
Various stages during the development of 


161 


penicillin G_ potassium, 
erythromycin, and Achromycin. With the 


effective period of preventive 


antibiotic action in 
experimental incisions 


and dermal lesions 


tion of a fully developed lesion produced 
by bacteria and their metabolic products. 
(Secondary lesions would then include any 
spread from the original mature focus.) 
For the experimental primary  staphy- 
lococcal lesion it has usually been assumed 
that the period of development covers ap- 
proximately 24 hours. In this time the lesion 
reaches maximum size as judged by the 
perimeters of vision and touch. 

In order to determine the time during 
the development of a primary staphylococcal 
lesion when antibiotics are effective, as well 
as the extent of this effectiveness, special 
experiments were constructed. Lesions and 
incisions contaminated with staphylococci 
in a standardized manner’ were created in 
the skin of guinea pigs. Antibiotics were 
given intravenously to separate animals ac- 
cording to graded intervals, some before the 
introduction of staphylococci and others at 
stages during the development of the lesions. 
The lesions or incisions created in the ani- 
mals treated with antibiotics were compared 
with the lesions or incisions in control 
animals not treated, and the effects of the 
antibiotics were noted. The ability of anti- 
biotics to influence lesions in various stages 
of development was determined by com- 
paring lesions treated at these various 
stages with each other and with control 
lesions not treated. Comparison was made 
when both test and control lesions were 


24 hours old. 


MATERIAL AND METHODS 


Antibiotics. The antibiotics used were 


chloramphenicol, 


| 
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exception of chloramphenicol, the antibiotics 
were made up in an aqueous solution from 
the powdered form on the day of use. The 
antibiotics were all given intravenously and, 
unless indicated otherwise, were given in | 
injection. Penicillin was given in doses rang- 
ing between 20,000 and 100,000 U. The 
usual dose was 20,000 U. Chloramphenicol, 
erythromycin, and Achromycin were given 
in doses ranging from 1 to 5 mg. per 100 
Gm. The usual dose was 1 mg. per 100 Gm. 

Bacteria. Strains of Staphylococcus aureus 
were used. Most of the experiments were car- 
ried out with strain CN 491 of the Wellcome 
collection, but the effect of each antibiotic. 
was also determined on lesions created by 
freshly isolated pathogenic staphylococci. In 
any experiment the bacteria were sensitive 
to the antibiotic used as judged by the anti- 
biotic disc method. 

Guinea pigs. Albino guinea pigs which 
weighed 250 to 400 grams were used. The 
skin was prepared by clipping and depila- 
tion with Nair. 

Dermal lesions. Staphylococci from 18- 
hour nutrient broth cultures were spun 
down and washed 3 times in isotonic saline 
solution, after which they were resuspended 
in a volume of saline solution which equaled 
the volume of nutrient broth. One-tenth of 
a milliliter of this suspension was injected 
intracutaneously into the depilated guinea 
pig. This method gave circular indurated 
lesions with a diameter’ directly related to 
the dose of viable bacteria. Antibiotic- 
treated lesions were always compared with 
nontreated lesions made with the same sus- 
pension of bacteria. The skin of the trunk 
was used in an area posterior to the scapula, 
anterior to the knee, and dorsal to a line 3 
cm. on either side of the ventral midline. 
The effect of antibiotics 1 hour before and 
up to 6 hours after the introduction of 
staphylococci was tested in 4 to 8 animals 
and usually in duplicate in each animal. 
The diameters recorded are the means of 
from 8 to 16 lesions. When injected in this 
manner, the staphylococcal suspensions 
caused easily reproducible lesions which con- 
sisted of 7 to 10 mm. of induration with a 


central 2 to 3 mm. of necrosis when meas- 
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ured in 24 hours. 

Experimental incisional infections. Inci- 
sions measuring 2 cm. in length were made 
with a scalpel. The incisions were made in 
the same area as that used for dermal le- 
sions. The incisions were carried in depth 
through the panniculus carnosus and sub- 
cutaneous tissue to the deep fascia. These 
incisions were retracted widely and 0.1 ml. 
of saline solution or washed and suspended 
staphylococci, prepared as for the dermal 
lesion, was used to flood the space provided. 
Retraction was continued to allow the bac- 
terial suspension to settle in the wound for 
3 minutes. The wound was then closed with 
Michel clips to approximate the skin. Ex- 
cess bacterial suspension was carefully re- 
moved from the skin after closure of the 
wound. No attempt was made to evacuate 
the wound before closure. 

Evaluation of antibiotic effect. Diameters 
were measured in lesions 24 to 30 hours old 
and the extent of induration was recorded. 
In the case of the experimental incisions 
the diameter of induration was measured 
when the incisions were between 24 and 
30 hours old. In both cases, in addition to 
the visual measurement, the animals were 
sacrificed, and the skin containing the lesion 


Staphylococcal lesions 
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Killed staphylococcal lesions 
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LESION AGE IN HOURS WHEN PENICILLIN INJECTED 


Fig. 1. Decreasing effect of penicillin on lesion 
diameter as lesion age on penicillin injection in 
creases. 
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Fig. 2. Decreasing effect of 4 antibiotics on lesion 
size as lesion age on antibiotic injection increases. 


or incision was fixed and a histologic section 
cut transversely across its center. The vari- 
ous antibiotics were given intravenously at 
hourly intervals from 3 hours before to 6 
hours after the injection of staphylococci or 
the creation of skin incision. Each animal 
was given a single injection of antibiotics at 
a time designed to test antibiotic effect on 
lesions of a certain age. In all experiments 
the controls were animals in which an ex- 
actly similar procedure had been followed, 
with the exception that antibiotics were not 
given. In addition, part of the staphylococ- 
cal suspension was autoclaved and 0.1 ml. 
of suspension of killed bacteria was injected 
in order to determine the lesion size created 
by bacterial protein. 


EXPERIMENTAL RESULTS 


Dermal lesions. Compared with control 
lesions, developing lesions treated with an 
effective antibacterial substance showed a 
definite, short period when they were sus- 
ceptible to antibiotics. This susceptibility 
was maximum when the antibiotic was in 
the tissue when the bacteria arrived. Fig. 1 
shows the decreasing effect of penicillin 
(20,000 U.) given intravenously on the fur- 
ther development of staphylococcal lesions 


Effective period of preventive antibiotic action 163 


as the age of the lesion on injection of peni- 
cillin increased from -—1 to 6 hours. The 
antibiotic effect may be judged by the de- 
crease in size of the treated lesion as com- 
pared with the control lesion made in ani- 
mals not given antibiotics. Fig. 1 shows that 
if penicillin was given 1 hour before staphy- 
lococci were injected (—1 hour lesion), the 
resultant lesion was hardly bigger than that 
produced by killed bacteria, although the 
expected lesion would be 10 mm. in diam- 
eter. If the antibiotic was given at the same 
time the bacteria were injected (0 hour 
lesion), the suppression of the 24 hour lesion 
was slightly less marked. As the time interval 
between the injection of bacteria and the 
administration of penicillin increased, the 
antibiotic effect decreased. When staphylo- 
cocci were injected 3 hours before antibiotics 
were given, the resultant lesion was hardly 
smaller than the control. Penicillin injected 
longer than 3 hours after staphylococci had 
been introduced had no effect on ultimate 
lesion size. Penicillin in quantities of up to 
100,000 U. in single and divided doses has 
been given to animals with lesions 4 to 16 
hours old without any observable effect on 
the 24 hour lesion size. 

The effect of intravenous chlorampheni- 
col, erythromycin, and Achromycin on 24 
hour lesion size is plotted in Fig. 2. Again 
the decreasing susceptibility with increasing 
lesion age on injection of antibiotics is 
clearly shown and is the same as that found 
with penicillin. As with penicillin, massive 
initial or intermittent therapy with any of 
the antibiotics produced no observable ef- 
fect on lesion size after the lesions were more 
than 3 hours old. 

Fig. 3 shows a sequence of photomicro- 
graphs of 24 hour dermal infections which 
illustrate our findings. The control lesion 
made with 0.1 ml. of sterile saline solution 
(Fig. 3, A) showed almost no changes from 
normal skin. The lesion made by injection 
of 0.1 ml. of staphylococcal suspension after 
the injection of 20,000 U. of penicillin (Fig. 
3, B) showed slight edema and white-cell 
infiltration. The lesion made by the injec- 
tion of 0.1 ml. of the same bacterial suspen- 
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sion, but with penicillin (20,000 U.) not 
given until the bacteria had been in the 
tissue 3 hours (Fig. 3, C), showed edema, 
extensive necrosis, and white-cell infiltration 
with considerable infiltration below the pan- 
niculus carnosus. 

In these experiments strains of staphylo- 
cocci sensitive to the antibiotic used were 
chosen. The effect of antibiotics ineffective 
against strains of staphylococci in vitro is 
less predictable. In general, however, anti- 
biotics ineffective in vitro are ineffective in 
vivo. 

Experimental incisions. The irregularity 
in the area of induration and necrosis of 
experimental incisions considerably 
greater than in standard lesions. This made 
the plotting of induration diameter imprac- 
tical. There was no measurable induration 
in incisions not contaminated with staphylo- 
cocci. The incisions contaminated with 
staphylococci in animals not given antibi- 
otics contained irregulas areas of induration 
11 to 21 mm. wide when measured at right 
angles to the center of the incision in 24 
hours. Necrosis was usually restricted to the 
wound edge, but was also occasionally seen 
in 2 to 3 mm. patches in the area of indura- 
tion well away from the skin edge. The 
indurated areas had a purple-red discolora- 
tion and showed considerable edema. 

The titration of the susceptibility of con- 
taminated incisions to systemic antibiotics 
was run as for the dermal lesions. Incisions 
were made and contaminated —1 to 5 hours 
before the intravenous injection of anti- 
biotic. 

Incisions made and contaminated 3 ‘hours 
before the intravenous injection of penicil- 
lin, chloramphenicol, erythromycin, or 
Achromycin in the doses used in treating 
the dermal lesions resulted in lesions in- 
distinguishable from the control contami- 
nated incisions not treated with antibiotics. 
The incisions made and contaminated 1 to 
2 hours before injection of antibiotics also 
resulted in lesions which fell in the range of 
the control contaminated incisions. If, how- 
ever, the antibiotics were given before the 
incisions were made, their gross appearance 


at 24 hours could not be distinguished from 
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the control incisions not contaminated by 
staphylococci. 

Fig. 4 shows a sequence of photomicro- 
graphs of 24 hour incisions which illustrate 
our findings. All incisions were contami- 
nated with the same staphylococcal suspen- 
sion. The control incision contaminated with 
saline solution (Fig. 4, A) showed very lit- 
tle reaction and almost no white-cell infil- 
tration. In the control incision with staphy- 
lococcal contamination, when the animal 
did not receive penicillin at any time (Fig. 
4, B), there was great thickening and edema 
of all layers involved. The inflammatory re- 
action extended down to and included the 
abdominal wall muscles and the entire center 
of the lesion was necrotic. Extensive poly- 
morphonuclear infiltration and multiple 
areas of necrosis in the dermis and _pan- 
niculus carnosus were seen. The incision 
made and contaminated 15 minutes after 
the intravenous injection of 20,000 U. of 
penicillin (Fig. 4, C) showed a small num- 
ber of polymorphonuclear cells localized to 
the area of incision with a small collection 
of polymorphonuclear cells deep in the der- 
mis. The lesion was not thickened or edema- 
tous and the tissue deep to the panniculus 
carnosus was normal. The incision made 
and contaminated 3 hours before penicillin 
was given (Fig. 4, D) was remarkably simi- 
lar to the lesion which developed in the 
animal in which penicillin was never given 
(Fig. 4, B). 

As in the case of dermal lesions, the bac- 
teria in the contaminated incision were max- 
imally susceptible to antibiotics when the 
antibiotics were in the tissue before the bac- 
teria were introduced. The period of sus- 
ceptibility appears shorter and more diff- 
cult to measure because of the irregularity 
of the mature lesions, but the major anti- 
biotic effect is over in approximately 1 hour. 


COMMENT 


Although the physical events necessary 
to produce a visual and palpable mature 
primary lesion require 24 hours, there 1s 
evidence*"'' that the biochemical interac- 
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Fig. 3. Histologic specimens of control and staphylococcal lesions which show 
decreasing effect of penicillin as lesion age increases. A, Control lesion made 
with 0.1 ml. saline solution. B, Penicillin (20,000 U.) followed by 0.1 ml. live 
staphylococcal suspension. C, Live staphylococcal suspension, 0.1 ml., followed 
in 3 hours by 40,000 U. penicillin. (x39; reduced 1%.) 


tions between tissue and bacteria which con- 
trol the size of this lesion take place in a 
much shorter time. These decisive steps, 
however, appear to have little direct effect 
on the internal structure of the area in- 
volved. The extensive physical rearrange- 
ments, such as induration and_ necrosis, 
classically looked upon as the direct action 
of bacteria on tissue appear (when the total 
period of primary lesion development is ex- 


amined) to be only a slowly evolving, in- 
direct result of bacterial action. 

If this is true, a developing primary bac- 
terial lesion could be modified during the 
early short period of decisive biochemical 
action, but not during the period of slowly 
evolving induration and necrosis. There is 
considerable evidence to support this view. 
Miles and associates’ have shown that 
if an animal is deprived of certain portions 
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Fig. 4. Histologic appearance of control and contaminated incisions. Decreas- 
ing effect of penicillin is seen as age of contamination increases. A, Control 
incision contaminated with saline solution. B, Experimental incision contami- 
nated with 0.1 ml. staphylococcal suspension. No penicillin was given. C, Peni- 


of his defenses against bacteria during the 
first few hours after bacterial invasion, there 
will be enhancement of the bacterial lesion 
over that predicted. Equally important, these 
experiments show that the elimination of the 
defense mechanisms after this “decisive pe- 
riod” produces no effect on the 24 hour 
lesion size. Also, vascular events, such as 
changes in capillary permeability and endo- 
thelial stickiness, are restricted to these in- 
itial few hours.* This evidence is all con- 
sistent with the theory that the decisive 
steps which determine the size of the mature 
primary bacterial lesion take place very 
shortly after the bacteria reach the tissue. 
In our experiments the effective period 
of antibiotic action was also restricted to 
the initial few hours after the arrival of 
bacteria in tissue. The period of develop- 


ment during which the lesions were found 
susceptible to antibiotics coincided with that 
found by Miles and colleagues.’° Of par- 
ticular interest is the fact that the period 
of susceptibility is short and the time of 
maximum antibiotic effect is soon after the 
time the bacteria arrive in the tissues. Un- 
der these circumstances there does not ap- 
pear to be a “golden period’’* when tissue 
is “infection free” after contamination. 
This effective period of preventive anti- 
biotic action is short and the exact time of 
primary lodgment for the nonpostoperative 
infection so obscure that the use of antibi- 
otics to prevent primary lesions appears im- 
possible. However, incisions containing bac- 
teria are usually seeded when the wound 
is open during operation. Thus, the time of 
primary lodgment is easily predicted. The 
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cillin (20,000 U.) followed by incision contaminated with 0.1 ml. staphylococ- 
cal suspension. D, Incision contaminated with 0.1 ml. staphylococcal suspension, 
followed in 3 hours by 20,000 U. of penicillin. (x39; reduced 18.) 


fact that the time of the earliest opportunity 
for incisional contamination can be exactly 
determined arouses speculation about the 
absolute failure of the so-called “prophy- 
lactic antibiotics.” Frequently “prophylactic 
antibiotics” are started after operation.” 
In these cases the first antibiotic given 
is at a time at which experimental evi- 
dence concerning staphylococcal infection 
shows clearly that the antibiotic has no ef- 
fect. This is not to say that antibiotics given 
before incisions are made will reduce the 
rate of incisional infections, for the prob- 
lem is infinitely more complex than the ex- 
perimental system outlined. Host resistance, 
foreivn material, hematoma, tissue trauma, 
and so forth, are surely factors in postopera- 
tive incisional suppuration. However, if a 
situa'ion arises in which it appears neces- 


sary to give an antibiotic as an aid in pre- 
venting bacteria from creating a primary 
lesion, the evidence indicates it should be 
given early, so that it is in the tissue when 
the bacteria arrive. 


SUMMARY 


There is a definite short period when the 
developing staphylococcal dermal or inci- 
sional infection may be suppressed by anti- 
biotics. This effective period begins the mo- 
ment bacteria gain access to the tissue and 
is over in 3 hours. Systemic antibiotics have 
no effect on primary staphylococcal infec- 
tions if the bacteria creating the infection 
have been in the tissue longer than 3 hours 
before the antibiotics are given. Antibiotics 
cause maximum suppression of infection if 
given before bacteria gain access to tissue. 
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yelonephritis continues to hold the in- 
terest of the investigator and the clinician. 
It represents one of the most common in- 
fectious diseases, second only to respiratory 
tract infection. It is found in 10 to 30 per 
‘cent of patients who come to autopsy, is 
frequently asymptomatic during life, is rela- 
tively easy to diagnose with quantitative bac- 
teriologic studies, and is frequently prevent- 
able or curable in the acute stage with the 
appropriate antibiotic, yet many of the 
aspects of pathogenesis are unexplained. 
Most commonly, the disease is caused by 
the gram-negative .bacteria, especially E. 
coli, but the “era of antibiotics’ has seen 
an increase in A. aerogenes, P. vulgaris, and 
Ps. aeruginosa as the causative organism. 
The mechanism whereby the bacteria gain 
entrance to the kidney is the subject of spec- 
ulation. One possible source is organisms in 
the bloodstream secondary to infection else- 
where in the body. Another possibility is that 
bacteria ascend from an infected lower uri- 
nary tract, either by way of the ureter or 
the periureteral lymphatics. Direct extension 
from the neighboring colon is also possible. 
Finally, the infectious process may involve 
more than one of these routes in some cases. 
Many experimental methods of produc- 
ing pyelonephritis have been devised, but 
most of them involve some insult to the 
renal parenchyma. Partial or complete liga- 
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Studies of surgically induced 


pyelonephritis 


tion of a ureter with its attendant hydro- 
nephrosis permits the development of pyelo- 
nephritis after the intravenous injection of 
bacteria.* Direct injection of bacteria 
into the renal parenchyma® or massage of 
the parenchyma followed by the intrave- 
nous administration of bacteria* will pro- 
duce pyelonephritis. Finally, the intravenous 
administration of bacteria in large concen- 
tration will produce the disease with some 
degree of reproducibility in certain ani- 
mals.* * 

The development of a simple, reproduci- 
ble method of producing this disease in the 
rat was published by Vivaldi’® in 1959. The 
studies presented here are based on a modi- 
fication of this method. 


METHOD 


Male Sprague-Dawley rats which weighed 
200 to 250 grams were used throughout 
these studies unless otherwise indicated. 

The bacterial infection was created by the 
introduction of bacteria into the urinary 
bladder with sterile technique. The animals 
were shaved over the abdomen and cleansed 
with Amphyl. A low midline incision was 
then made and the bladder permitted to fill 
the wound. With the bladder held with 
sterile forceps, a 26 gauge sterile needle was 
inserted into the bladder and an aliquot of 
urine withdrawn for culture. Through the 
same needle, the bacteria were introduced 
in appropriate concentration in a volume 
that did not exceed 0.2 ml. A sterile sponge 
was then held over the bladder for a mo- 
ment to prevent leakage, after which the 
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Table I. Results of variation of the dose of bacteria instilled into the rat bladder 
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No. of bacteria No. of | No. of kidneys % Positive urine culture | Time of sacrifice 
injected rats infected infected (%) (days) 
1 x 108 63 112/126 87 93 5 
Male, surgically induced 42 77/84 91 
Female, catheter induced 21 35/42 83 — — 
1 x 105 21 22/42 52 76 5 
1 x 108 23 12/46 26 38 5 


bladder was returned to the abdomen and 
the incision closed with silk sutures. The. 
animals were returned to their cages and 
permitted food* and water ad libitum. 

The animals were sacrificed at the appro- 
priate time and an autopsy performed with 
sterile technique. The incision was made 
from xiphoid to pubis and the bladder 
grasped with a sterile forceps. An aliquot 
of urine was taken for plating. The kidney 
pedicles were clamped and each kidney re- 
moved, weighed, and sectioned in the mid- 
line with aseptic technique used throughout. 
One-half of the kidney was placed in for- 
malin for histologic study and the remain- 
ing half was ground in a sterile mortar in 
nutrient broth. The appropriate dilutions 
were made and plated for bacterial colony 
counting. 

A strain of P. vulgaris, grown from 
a human infection and maintained in our 
laboratory stock cultures, was used in all of 
the studies. All cultures were 18 hour cul- 
tures grown in nutrient broth. The bacterial 
concentration was estimated in a Coleman 
Jr. spectrophotometer at 660 » prior to in- 
jection and the number of viable bacteria 
actually injected was determined by the back 
plating technique. 

The technique of diverting the ureteral 
flow on one side was accomplished at the 
time of bacterial injection. While the abdo- 
men was open, the left ureter was dissected 
free of surrounding structures and divided 
with a sharp knife. The posterior peritoneum 
was incised and a small pouch developed. 
The proximal end of the ureter was inserted 
into this pouch and the distal end was 


*Purina laboratory chow. 


ligated. This provided an adequate “blad- 
der” for the duration of the experiments. 


RESULTS 


In Table I the results of variation of the 
dose of bacteria injected into the bladder 
are presented. The resulting infection is a 
linear function of the dosage. When the bac- 
teria were given by catheter in the female 
rat, rather than into the open bladder, the 
results were not quite as consistent. 

The results of keeping the injected dose 
of bacteria constant (1 x 10%) but varying 
the time of sacrifice are seen in Table II. 
Ninety per cent of the kidneys were infected 
at 24 hours after the injection and this level 
was maintained for at least 6 weeks. Some 
animals began to die from the infection 
within 5 days of the onset, but the mortality 
rate was relatively low, about 5 per cent. 
The mortality rate rose with time, however, 
and in the 4 to 6 week groups the rate may 


Fig. 1. Coronal section of a kidney 5 days after 
bladder was inoculated with 1 x 108 P. vulgaris. 
Note the numerous abscesses with marked altera- 
tion of architecture. (x7; reduced 1.) 
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Fig. 2. Photomicrograph of renal pelvis. Note 
normal pelvic mucosa on right and mucosal ulcer- 
ation on left with extensive inflammatory exudate. 
The earliest histologic changes appear to be in 
the pelvis. (X75; reduced 541.) 


be as high as 50 per cent. The figures given 
indicate only animals that survived to be 
sacrificed. 

When the bladder was opened at the end 
of 5 days, many fine granules were seen in 
the bladder and were typical of the “sand” 
seen in the human bladder. In animals which 
survived longer than 2 weeks, frank bladder 
calculi were very common. These stones were 
easily palpated through the abdominal wall 
and account for some of the deaths on the 
basis of urinary tract obstruction. The calculi 
removed from the bladder of one of the rats 
weighed 0.7 Gm. 

Chemical analysis of the stones shows 
them to be calcium-phosphate complexes 


Table II. Results of kidney infection at varying times after bladder inoculation 
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intermixed with bacteria. The bacterial con- 
centration within the stone proved to be in 
the range of 10® bacteria. 

The pathologic changes in the kidney are 
demonstrated in Figs. 1 through 4. The le- 
sion appeared to be typical of an ascending 
type of pyelonephritis. The lesion in the 
kidney was frequently wedge-shaped, begin- 
ning in the renal pelvis and extending out 
toward the cortex. Cortical abscesses were 
frequent, but there was always medullary 
disease associated with it. Occasionally there 
was pus in the pelvis and tubules without 
evidence of cortical disease. It must be 
stated that serial sections throughout the 
entire kidney were not made so that cortical 
infection may have been present. In general, 
cortical infection was easily predicted from 
the gross specimen because of the presence 
of numerous abscesses on the surface of the 
kidney. 

The high incidence of infection plus the 
pathologic picture of an ascending type of 
pyelonephritis suggested additional experi- 
ments to test this hypothesis. A group of 18 
rats was infected in the usual manner, ex- 
cept that at the time of infection the left 
ureter was isolated and divided in approxi- 
mately the midportion. The distal end was 
ligated. The upper end was buried in a 
retroperitoneal pouch which served as a sub- 
stitute bladder for the duration of the ex- 
periment. The problem was to divide the 
ascending pathway without permitting hy- 
dronephrosis to develop. Previous studies in 
this laboratory, in which partial ureteral 
ligation was carried out in the rabbit fol- 
lowed by the intravenous injection of bac- 
teria, produced infection only in animals 


No. of Time Positive urine No. of kidneys 
__tats period culture infected Remarks 
10 24 hr. 10/10 18/20 None 
6 3 days 4/6 10/12 None 
63 5 days 59/63 112/126 Sand in bladder 
3 9 days 4/5 8/10 Sand in bladder 
2 12 days 2/2 3/4 Sand in bladder 
1] 2 wk. 10/11 17/22 Sand in bladder 
2 4 wk. 5/5 10/10 0.7 Gm. stones in 1 bladder 
ad 6 wk. 7/7 13/14 ' Stones (multiple), scarred kidneys, hypertension 
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Fig. 3. Microscopic section of the renal medulla. 
Note the many pus-filled tubules as well as the 
inflammatory exudate in the interstitial space 
surrounding the tubules. (x150; reduced 1.) 


that had developed hydronephrosis. We also 
tried ureterosigmoidostomy and ureterocu- 
taneous anastomosis in the rat, but techni- 
cal difficulties prevented satisfactory results. 
The retroperitoneal pouch worked very well, 
however, and hydronephrosis was not a 
problem. The animal would undoubtedly 
have complications from this pouch if it 
were followed for a longer period of time. 
This group of 18 animals was sacrificed on 
the fifth day and the right kidney was in- 
fected in 14 of the 18 animals, but the left 
kidney was infected in 2 of the 18 animals. 
In no instance was the left kidney infected 
while the right was not. 

The effects of 3 different antibiotics were 
tested to determine the role of prophylactic 
therapy after instrumentation. The antibi- 
otics used were streptomycin, chlorampheni- 
col, and Gantrisin. The strain of Proteus 
used in these studies was sensitive to all 
3 agents. 

Four groups were studied with the first 
2 antibiotics; (1) drug started 24 hours 
before the infecting challenge was given, 
(2) drug started at the same time as the 
challenge, (3) drug started 24 hours after 
the challenge, and (4) drug started 72 hours 
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Fig. 4. Microscopic section of a kidney. Cortical 
abscess protrudes above the surface of the kidney. 
There is almost complete destruction of normal 
architecture in the area. Animal was sacrificed 
at 5 days. (*150; reduced 541.) 


after the challenge. The results are sum- 
marized in Table III. Since it appeared to 
be important to start the antibiotic within 
24 hours of the time of challenge, the 
studies with Gantrisin did not include the 
time variable. The Gantrisin studies were 
used to study different dosage levels of the 
antimicrobial agent. 

We have been studying the role of the 
adrenal steroids in experimental infection 
and 4 additional groups of animals were 
used to evaluate hydrocortisone in this prep- 
aration. The 4 groups had the drug ad- 
ministered at the same time intervals as the 
animals treated with streptomycin and 
chloramphenicol. There appeared to be no 
effect from the administration of adrenal 
steroids, at least in the dose used in this 
experiment. 

In several groups of animals peripheral 
organ (lung, liver, and spleen) studies were 
made to determine the presence of viable 
bacteria. Viable bacteria at levels of 10° to 
10* organisms per gram of tissue were found 
in 30 to 50 per cent of the animals. Since 
the bacterial challenge was given into the 
bladder, we must assume that these organ- 
isms entered the blood stream from the 
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bladder or the subsequently infected kidney. 

An additional group of 25 animals was 
challenged by the same number of bacteria 
(10°) injected into a tail vein rather than 
the bladder. Peripheral organ counts were 
carried out at 5 days in the same manner 
as when the bacteria were injected into the 
bladder. The results were similar in that 
viable bacteria were found in 30 to 50 per 
cent of the organs tested. Thus, it seems 
that once the bacteria gain access to the 
blood stream they are retained in the 
reticuloendothelial system in viable form. 

A final group of 3 rats was challenged 
with P. vulgaris via the bladder and sacri- 
ficed at 4 hours. The results were most 
interesting in that 1 of the animals already 
had 10* bacteria in the kidney. The entrance 
of bacteria into the kidney may be assumed 
to occur within a very short period of time 
after the challenge. 


COMMENT 


The rate of kidney infection after the 
introduction of P. vulgaris into the urinary 
bladder by surgical means is a linear func- 
tion of the administered dose. Infection, as 
judged by the presence of large numbers of 
viable bacteria in the kidney, starts about 
4 hours after injection and reaches a level 
of 90 per cent by the twenty-fourth hour. 
The development of the histologic lesion in 
the kidney requires more time and it has 


Table III. Antibiotic treatment 
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been shown that the classic picture of acute 
pyelonephritis requires approximately 5 
days. 

The method whereby the bacteria reach 
the kidney is not proved beyond doubt, but 
there is good reason to believe that the 
infection is of an ascending type. First of all, 
the pathologic picture is that of an ascend- 
ing lesion with the initial stage being a 
pyelitis. The infection subsequently spreads 
up the tubules and eventually involves the 
cortex. This sequence of events fits the 
pathologic description of ascending pyelone- 
phritis. Second, the results of early culture 
of the ureters and kidneys show that 
bacteria have reached the kidney within 4 
hours of the time they were injected. This 
finding does not eliminate the possibility 
of hematogenous spread, but it makes it 
unlikely. Third, the difference in results ob- 
tained when the ureter was interrupted on 
the left side makes ascending infection the 
most likely possibility. It would have been 
more satisfactory if there 2d been no infec- 
tion in the left kidney in any of the animals, 
but this was not the case. There are several 
possible explanations for this result. Perhaps 
the most likely would be a technical failure 
in transplantation of the ureter. This is a 
small structure in the rat and could easily 
be missed. Against this is the finding at the 
time of autopsy of a pouch filled with fluid 
which appeared to be urine. 


| No. of Positive urine No. of kidneys 
Group Time drug started rats Abscesses culture infected 
Strepiomycin, 0.5 mg./day S.C. 
I 24 hr. preoperatively 5 0 1/5 1/10 
II At operation 4 0 0/5 0/8 
III 24 hr. postoperatively 5 1 3/5 2/10 
IV 72 hr. postoperatively 4 3 $/3* 6/8 
Chloramphenicol, 5 mg./day I.M. 
I 24 hr. preoperatively 5 0 3/4* 4/10 
II At operation 5 0 4/4* 3/10 
ITI 24 hr. postoperatively 5 0 4/5 3/10 
IV 72 hr. postoperatively 4 1 4/4 7/8 
Gantrisin, 1%, in food 
I At operation 10 0 6/10 12/20 
Gantrisin, 2%, in food 
an. At operation 6 0 0 0/12 


*“Uvine sample lost. 


Uvne pH was checked on all animals and it remained acid throughout the experiment. 
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It has been suggested that ascending uri- 
nary tract infection occurs through the 
periureteral lymphatics rather than through 
the lumen of the ureter.” If this is the case, 
it is possible that with our surgical tech- 
nique not all of the lymphatics were 
divided at the time the ureter was divided 
and thus permitted the ascension of bac- 
teria. We cannot completely eliminate this 
possibility. 

The most likely explanation for 11 per 
cent involvement of the sectioned side is 
hematogenous spread of bacteria. I believe 
we can postulate that after the introduction 
of bacteria into the bladder an ascending 
infection occurs, either through the lumen 
of the ureter or through the periureteral 
lymphatics to the kidney. Once the bacteria 
have become established in the kidney they 
gain access to the blood stream either 
through the renal vein or into the cisterna 
chyli via the lymphatic channels. Rattner’* 
has demonstrated the passage of bacteria, 
probably through pyelotubular or pyelo- 
interstitial lymphatics, from the kidney 
to the lymphatic system. Magoun’® inocu- 
lated the renal pelvis with bacteria and 
recovered the organism from the vena cava 
and spleen in 1 animal. In our own studies 
we have frequently cultured the lungs, liver, 
and spleen at the time of sacrifice and have 
found viable organisms in 30 to 50 per cent 
of the animals. The organisms were plated 
quantitatively and ranged from 10° to 10° 
organisms per gram of tissue. These studies 
demonstrate that the organism being used 
enters the blood stream at some time during 
the natural history of the disease. That the 
bacteremia does not occur from the bladder 
is suggested by the experiments in which 
we sectioned the ureter. If the entrance of 
the bacteria into the kidney were initially 
hematogenous, both kidneys ought to be 
involved to a similar degree. Since this was 
not true in our experiments or in the experi- 
ments of Vivaldi,’* we believe the hypothesis 
that ascension occurs on the intact side 
with subsequent bacteremia and secondary 
involvement of the sectioned side. This hy- 
pothesis would only be pertinent in cases 
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in which lower urinary tract infection was 
the primary disease. 

The possibility that pyelonephritis may 
be a much more frequent sequela of lower 
urinary tract infection than is generally 
supposed has been studied by Kass’ and by 
Beeson.* There is not much argument that 
acute pyelonephritis may develop from a 
chronic bladder infection, especially in pa- 
tients with an indwelling catheter. There has 
been more controversy over the possibility 
that pyelonephritis may follow the introduc- 
tion of a single inoculum of bacteria, such 
as occurs with instrumentation of the lower 
urinary tract. Since we can caution against 
needless catheterization and overzealous in- 
strumentation of the lower urinary tract, 
but cannot eliminate the need for it in many 
situations, prevention of infection becomes 
a problem. As was seen in Table III, com- 
plete protection against the development of 
experimental pyelonephritis was possible 
when the appropriate antimicrobial drug 
was administered within 24 hours of the 
introduction of the bacteria. 

The results of a clinical trial of a long- 
acting sulfonamide in 448 pregnant women 
who underwent the trauma of childbirth 
and its attendant catheterization would sup- 
port this idea. There was a significant reduc- 
tion in the number of patients who de- 
veloped bacteriuria after catheterization in 
the treated group as compared to_ the 
control group.‘ Kass® was able to completely 
prevent the pyelonephritis of pregnancy by 
the prophylactic administration of the ap- 
propriate antibiotic during the pregnancy. 
These studies strongly suggest that this is 
an area in which prophylactic chemotherapy 
is not only desirable but mandatory if we 
are to prevent some of the serious complica- 
tions that occur. 


SUMMARY AND CONCLUSIONS 


1. Surgically induced pyelonephritis is 
easily produced in the rat by the injection 
of P. vulgaris into the exposed urinary 
bladder. This results in bilateral pyelone- 
phritis in over 90 per cent of the animals 
and, if undisturbed, will proceed to chronic 
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infection with stone formation, abscessed 
kidneys, and possibly hypertension. 

2. This pyelonephritis appears to be an 
ascending infection secondary to inflamma- 
tion of the bladder. 

3. The bacteria reach the kidney very 
soon after the bladder inoculation. Pre- 
liminary studies show viable bacteria in the 
kidney within 4 hours of inoculation. 

4. The hypothesis is presented that once 
the kidney becomes infected the bacteria 
gain entrance to the blood stream and can 
infect the opposite kidney in which the 
ureter has been divided to prevent ascension 
of the bacteria. 

5. The experimental infection can be 
prevented by the administration of the ap- 
propriate antimicrobial drug within 24 
hours of the time the bladder is inoculated. 

6. The suggestion is made that this tech- 
nique may simulate the events after instru- 
mentation of the lower urinary tract in 
human beings. If these data are confirmed, 
the use of prophylactic antibiotics at the 
time of such instrumentation may be an im- 
portant factor in decreasing the incidence 
of postoperative pyelonephritis. 
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Management of pulmonary complications 


of surgical operations 


(primarily atelectasis) 


with pancreatic dornase 


inhalations 


telectasis and bronchopneumonia are 
still common and serious postoperative com- 
plications. Patients with chronic broncho- 
pulmonary disease, pulmonary fibrosis, and 
emphysema, heavy smokers, and obese short- 
necked individuals are most likely to have 
these complications. These patients develop 
a diminished respiratory exchange due to 
thick secretions with resultant atelectasis 
after anesthesia and surgical procedures. 
Bronchopneumonia or pneumonitis with anti- 
biotic-resistant organisms follows frequently. 
Measures such as bronchoscopy and endo- 
tracheal suction are traumatic and often in- 
effective. Expectorants at best are very slow 
in action. Aerosol therapy with nonspecific 
detergents may be of value in keeping the 
tracheobronchial tree clean and moist*® 
but have no effect in removing exudate 
already inspissated. Enzymes such as 
trypsin,'® °° 21 chymotrypsin, and strepto- 
kinase-streptodornase (Varidase) have been 
reported to be effective,'* but serious re- 
actions including irritation and allergic mani- 
festations are common.** Human fibrino- 
lysin is effective only in the presence of as- 
pirated blood. 

Pancreatic desoxyribonuclease (dornase)"** 
has been very effective in liquefying thick 
secretions and crusts adherent to the tracheo- 
bronchial mucosa. It has been without toxic 
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reaction in a large number of patients treated 
for chronic bronchopulmonary diseases, in- 
cluding bronchiectasis, lung abscess, and 
tracheitis sicca and in postoperative and 
post-traumatic atelectasis and pneumo- 
10, 18, 19 

Our experience with pancreatic dornase 
in over 400 patients will be summarized in 
this report. The results with the use of this 
agent as a preoperative measure in patients 
with purulent bronchiectasis and abscesses, 
as well as many individuals with emphysema, 
pulmonary fibrosis, and chronic’ broncho- 
pulmonary disease, have been particularly 
satisfactory. 

After anesthesia and operation these pa- 
tients develop thick, tenacious secretions. Be- 
cause of restriction of respiratory excursion 
due to wound pain, they fail to cough ade- 
quately and atelectasis with or without 
pneumonitis results from the stasis of secre- 
tions. 

A careful preoperative evaluation is im- 
portant and the following preoperative 
regimen should be instituted in patients with 
chronic bronchitis, emphysema, and purulent 
bronchopulmonary disease: (1) pancreatic 
dornase should be administered for at least 
1 day prior to the operation, (2) postural 
drainage after inhalations of pancreatic 
dornase may be helpful and is certainly indi- 
cated in patients with large amounts of 
secretions, (3) secretions should be collected 
and measured for 24-hour periods and culture 
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and sensitivity studies obtained, (4) broncho- 
dilators should be administered in the pres- 
ence of wheezing or a history of asthma, and 
(5) instruction for deep breathing and 
coughing should be given before operation to 
be instituted as soon as possible after the 
operation. 


MATERIAL AND METHODS 


Pancreatic desoxyribonuclease (dornase®* ) 
is a lyophilized powder of bovine origin, 
(100,000 U. per vial). Routinely 100,000 U. 
are dissolved in 2 ml. of buffer solution sup- 
plied in a separate vial. For certain conditions 
such as tracheitis sicca the volume may be 


increased to 4 to 5 ml. The solution must be 


used immediately because the enzyme, when 
in solution, loses activity rapidly even if re- 
frigerated. It should not be mixed with other 
materials. 

To be effective the enzyme must come in 
contact with the involved mucosa. This is 
accomplished only by delivering a concen- 
trated solution or mist by aerosol with oxy- 
gen or a De Vilbiss pump at a flow rate of 
3 to 7 L. per minute. The balloon present on 
some nebulizers should be clamped off and 
the patient urged to inhale deeply at all 
times. A hand nebulizer is not adequate in 
patients who breathe shallowly and have v if- 
ficulty in inhaling. The Bird or Bennet inter- 
mittent positive-pressure apparatus is recom- 
mended. The 2 ml. of enzyme solution should 
be inhaled in 15 to 20 minutes. With a 
tracheostomy, the enzyme dissolved in 4 to 
J ml. of solution is delivered by means of a 
small, multiperforated polyethylene catheter 
inserted for some distance into the trachea. 
It may also be sprayed directly into the 
tracheostomy from a syringe with an adapter 
if first mixed with air. The patient is urged 
to inhale deeply as the material is instilled. 


RESULTS 


General results. Pancreatic dornase has 
been used in several institutions under our 
direction in over 500 cases. No significant 
toxic. allergic, or irritative reaction to 


*M ck Sharp & Dohme, West Point, Pa. 
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dornase has been seen in any of these cases. 
In many patients there is a temporary in- 
crease, sometimes marked, in the amount of 
sputum or secretions raised after the institu- 
tion of dornase therapy. This may last for 
several hours or even for a day or more. It 
is probably due to dissolution of the thick 
secretions and freeing of material behind a 
bronchial plug. It always decreases to nor- 
mal with improvement in the pathologic 
process. 

In the usual patient who had been unable 
to cough up the thick, tenacious, high- 
viscosity mucus, within an hour or two the 
sputum usually becomes thin, is no longer 
tenacious, and can be coughed up easily. 
This is particularly noticeable in the weak 
and aged individual. We have found that 
endotracheal aspirations can be abandoned 
even in patients who needed it very fre- 
quently before dornase administration. The 
patient breathes more easily and the sec- 
ondary effects of obstruction quickly im- 
prove. Clinical evidence of atelectasis or 
bronchopneumonia will clear in a few hours 
to a day or two and clearing will usually be 
obvious on roentgenogram by the second or 
third day, if not sooner. A good result is 
recorded only in a patient who shows com- 
plete return in less than 3 days to the condi- 
tion which prevailed before the complication 
occurred. In many cases there is marked 
improvement within 24 hours. Treatment 
can be stopped 24 hours after a good result 
has been obtained. 

Pancreatic dornase has been used in over 
500 patients without any toxic or allergic 
reaction. In 3 patients irritation of the 
pharynx or trachea was found to be due to 
radiation therapy to the area. In 2 patients 
nausea was associated with radiation therapy 
and continued after dornase therapy had been 
discontinued. We ourselves have directly 
managed or observed the results in 406 of 
the 500 patients (Table I). 

Thoracic surgery. There were 92 patients 
with serious postoperative atelectasis and 
pulmonary complications after thoracic pro- 
cedures (Table II). Of these, 83 had com- 
plete relief of the atelectasis or other pul- 
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Table I. Indications for use of pancreatic 
dornase aerosol 


Indication | No. 
Postoperative atelectasis 164 
Tracheitis sicca and atelectasis 119 
Chronic pulmonary diseases 59 
Preoperative use 64 
Total 406 


Table II. Pancreatic dornase for atelectasis 
after thoracic operations 


Days 
before Results 
im prove- No 
No. ment | Good | change 


After thoracotomy 


Major atelectasis 28 1 24 4 
Segmental 

atelectasis 34 1 31 3 

After pulmonary 
Resection 

Major atelectasis 16 1 14 2 
Segmental 

atelectasis 14 2 14 0 
Totals 92 5 83 


Table III. Pancreatic dornase for atelectasis 
after head and neck, breast, and abdominal 
operations 


Days 
before Results 
im prove- No 
No. ment |Good |\change 


After head and 


neck operation 7 1 7 — 
After breast oper- 

ation 5 2 
After abdominal 

operation 60 2 54 
Totals 72 5 66 


monary complications within 48 hours and 
only 9 were unchanged. Thirty patients had 
undergone pulmonary resections. ‘These 
patients all were critically ill with fever, 
tachycardia, dyspnea, and cyanosis. The 
usual means of control had failed to reverse 
the process. In all of these patients improve- 
ment was noted within a few hours after the 
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first inhalation of dornase, and 28 of the 30 
had marked clinical improvement. The 2 in 
whom the atelectasis failed to clear liad 
tumor obstruction as shown by subsequent 
bronchoscopy and postmortem examination. 
None of these patients developed a broncho- 
pleural fistula despite the’ recent bronchial 
closure. Sixty-two individuals had undergone 
exploratory thoracotomy or such procedures 
as esophagectomy, mediastinal tumor ex- 
cision, or the chest-wall operation for car- 
cinoma of the breast. Fifty-five of these had 
an excellent response to dornase therapy. In 
the entire group treatment was instituted 
on the second to eighth postoperative day 
and improvement was noted within the first 
few hours in most patients. 


Case 1. H. H., a 58-year-old man, had a re- 
section of middle and lower lobe for squamous 
carcinoma of the lung. He was readmitted on 
June 19, 1960, for treatment of a recurrent carci- 
noma of the lung thought to be present in the 
right upper lobe. At operation on June 21, 1960, 
a second primary carcinoma of the trachea 2 cm. 
above the anterior edge of the right bronchus 
was found. A large segment of trachea and the 
upper lobe were removed and primary closure of 
the tracheal defect carried out. Postoperatively 
partial atelectasis of the left upper lobe was 
shown by physical signs and _ roentgenogram. 
There was rapid pulse, dyspnea and cyanosis. This 
persisted in spite of nasotracheal suction and the 
administration of Alevaire, antibiotics, and ex- 
pectorants. The patient was given dornase aerosol, 
100,000 U., on June 23, 1960, and within 12 
hours he began to cough up moderate amounts of 
thick yellow sputum. There was rapid clearing of 
the dyspnea and cyanosis and physical examina- 
tion showed clearing of the atelectasis. On June 
25 the roentgenogram showed no atelectasis. There 
was no bronchopleural or tracheal fistula post- 
operatively and the chest tubes were removed 
on the fifth postoperative day. Convalescence was 
uneventful. 

Case 2. E. S., a 50-year-old woman, was ad- 
mitted because of a tumor in the left breast. On 
Jan. 13, 1959, a left radical mastectomy with 
chest-wall resection was carried out for carci- 
noma. By the fourth postoperative day the patient 
had become dyspneic, cyanotic, and very restless 
and atelectasis of the left lower lobe was present 
(Fig. 1). Temperature was 101.4° F. and pulse 
120. Alevaire and tracheal aspirations had been 
unsuccessful in alleviating the atelectasis. At 2:30 
p.M. on January 14 dornase was given, and this 


As 


| 
f 
= 
fe é 

i 

i 
V 

d 
a 
t 
a 
: 

f 
n 
: b 
n 
a 
4 
t 
tl 
ti 
te 
2 
h 
t 
d 


Volume 50 
Number 1 


was repeated in 4 hours. Within 6 hours of the 
first inhalation the patient began to cough up 
blood-tinged sputum and became less apprehensive 
and more alert. Her color was much improved and 
after this there was steady clinical clearing of the 
atelectasis. She became afebrile in 48 hours. The 
chest roentgenogram of January 21 showed clear- 
ing of the atelectasis (Fig. 2). 


General surgical procedures. There were 
72 patients treated with dornase for lobar 
or segmental atelectasis and/or pneumonitis 
after head and neck, breast, abdominal, or 
pelvic operations (Table III). It was noted 
especially in patients with severe incisional 
pain and splinting of the chest. Over 90 per 
cent of these patients responded by relief of 
the pulmonary complication in from a few 
hours to 2 days. The secretions became very 
thin and could be raised without difficulty, 
and there was no need for endotracheal suc- 
tion. 


Case 3. M. L., a 63-year-old white man, had an 
infiltrating carcinoma of the bladder and under- 
went a radical total cystectomy, pelvic lymph- 
node dissection, and construction of an ileal blad- 
der on July 19, 1960. On the second postoper- 
ative day he developed marked dyspnea and 
tachycardia, and a fever to 103° F. He was not 
able to cough up any secretions and endotracheal 
suction was being carried out at frequent inter- 
vals without relief. Oxygen with Alevaire was 
administered. He remained slightly cyanotic and 
febrile, with a pulse rate of 120. There was 
marked diminution of breath sounds in the right 
base with an elevation of the right side of the 
diaphragm, and there were fine rales at the left 
base. Chest roentgenogram on July 22 showed 
atelectasis of the right lower lobe and a seg- 
mental atelectasis on the left (Fig. 3). Dornase 
aerosol administration was begun on July 22 and 
within 12 hours the pulse was 100, respirations 
were normal, the oxygen tent could be dis- 
continued, and the patient began to bring up 
thick mucous plugs on coughing. Within 48 hours 
there was clinical evidence of complete resolu- 
tion of the atelectasis with return of temperature 
to normal. A repeat chest roentgenogram on July 
25 showed clearing of the atelectasis (Fig. 4). 
This was confirmed by roentgenogram on August 3. 


Tracheitis sicca and atelectasis. One 
hundred and nineteen patients with severe 
trachitis sicca were treated with pancreatic 


dornise (Table IV). These were divided in- 
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to 3 groups, tracheostomy patients, recently 
laryngectomized patients, and patients who 
had been operated upon more than 2 months 
before. The results have been dramatic in 
patients with an obstructed airway due to 
thick crusts and tenacious secretions. In over 
90 per cent of the patients the crusts have 


Fig. 1. Case 2. Chest roentgenogram taken on Jan. 
17, 1959, 4 days after left radical mastectomy and 
chest-wall resection. Dornase therapy was started 
the next day. 


Fig. 2. Case 2. Chest roentgenogram taken on 
Jan. 21, 1959, 3 days after start of dornase ther- 
apy, shows the resolution of the atelectasis. 
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Fig. 3. Case 3. Chest roentgenogram taken on 
July 22, prior to beginning of dornase therapy. 


Fig. 4. Case 3. Rapid clearing of the atelectasis 
was seen clinically in 2 days. Follow-up roengeno- 
gram taken on July 25, 1960, shows good aeration 
of the right lower lobe. 


been loosened and the secretions thinned so 
that the patient could cough them up with- 
out difficulty. Partial relief of the obstruction 
to the airway was usually noted in 30 minutes 
and a complete return to normal was ap- 
parent within 24 hours. Three days of treat- 
ment was usually sufficient in these patients. 


Several patients with recurrence of tracheitis 
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sicca over a period of years have responced 
well to more than 1 course of enz\:ne 
therapy. 

One patient developed a serious complica- 
tion which should be mentioned. ‘Whe 
trachea was almost completely obstrucied 
prior to treatment and the obstruction could 
not be removed mechanically. After the first 
instillation of dornase he began to breathe 
more easily and took a deep inspiration with 
development of an atelectasis. Bronchoscopy 
was necessary to remove a large plug im- 
pacted in the bronchus. 

Chronic bronchopulmonary diseases. A 
wide variety of chronic bronchopulmonary 
diseases have been treated, among them 
chronic lung abscess, bronchiectasis, asthma, 
and chronic bronchitis (Table V). In these 
patients pancreatic dornase should be used 
only to overcome complications such as 
atelectasis or pneumonitis, or to prepare 
the patients for operation, bronchoscopy, 
bronchography, or other procedures. It has 
been particularly useful in asthmatic pa- 
tients with bronchial plugs and in patients 
with staphylococcal pneumonia after in- 
fluenza. It is not particularly useful as a 
method of treatment for the chronic disease 
itself. Although improvement during the 
course of therapy is usual, it quickly regresses 
when the inhalations are discontinued. Six 
of the 7 patients with chronic lung abscesses 
showed a marked change with increased 
drainage of thin pus and more rapid resolu- 
tion than expected. Apparently, mucopuru- 
lent exudate which blocked the bronchial 
connection was lysed. The one patient who 
did not respond was later shown to have a 
tumor which blocked the bronchus. 

Preoperative treatment. The fourth case 
report illustrates the successful use of 
dornase preoperatively in patients with 
chronic bronchopulmonary disease. 


Case 4. E. S., a 37-year-old white woman, was 
admitted on Oct. 16, 1960, with a 2-month history 
of cough and fever. Three weeks prior to admission 
she had experienced hemoptysis. At that time 4 
chest roentgenogram taken in another hospital 
showed an abscess and surrounding pneumonitis 
in the right lower lobe and calcified lymph nodes 
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Table IV. Pancreatic dornase in tracheitis 
sicca 


Days 
before Results 
im prove- No 
No. ment |Good |change 
After tracheostomy 41 1 37 4 


After laryngectomy 
up to 8 weeks 
postoperatively 63 2 63 — 

After laryngectomy 
over 2 months 
postoperatively 15 


Totals 119 5 115 4 


in the right hilum. Hemoptysis and high fever 
continued throughout this hospitalization and 
after admission to Memorial Hospital. At bron- 
choscopy on October 20 considerable blood was 
noted coming from the right middle lobe orifice. 
Three days after bronchoscopy the patient again 
had a severe hemoptysis accompanied by marked 
dyspnea, tachycardia, and increased fever and 
chills. Findings at physical examination were 
typical of atelectasis of the right middle and 
lower lobe. On October 25, the chest roentgen- 
ogram showed increased infiltration around the 
abscess and atelectasis of the right lower and 
middle lobes (Fig. 5). The patient remained toxic 
with a rapid pulse, cyanosis, and high fever and 
an emergency operation was planned. During 
this entire 4-week period she had been treated 
very actively with antibiotics. After consultation, 


Fig. 5. Case 4. Chest roentgenogram taken on 
Oct. 25, 1960, prior to start of dornase therapy. 
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dornase therapy was started on October 26 
(100,000 U. three times a day). In a few hours 
the patient began to bring up moderate amounts 
of purulent material and old blood. The chest be- 
came clear on auscultation without wheeze, rales, 
or rub in the area of the right middle and lower 
lobes and the temperature began to fall in 48 
hours. In 72 hours the temperature reached and 
stayed normal for the first time in 4 weeks. Repeat 
chest roentgenogram (Fig. 6) on October 31 
showed a resolution of the atelectasis and pneu- 
monitis of the right lower lobe with decrease in 
size of the abscess cavities. The patient was con- 
sidered ready for operation. Because of the pos- 
sibility of tuberculosis, at this point an anti- 
tuberculous drug was instituted. On November 
3 a right lower and middle lobectomy was carried 
out. Pathologic study showed fibrocaseous tubercu- 
losis with multiple abscess formation. The post- 
operative course was uneventful, the antitubercu- 
lous regime was continued and the woman was 
discharged to her home on the eleventh post- 
operative day. 


Prebronchoscopy. We have used dornase 
prior to bronchoscopy in a series of cases -to 
facilitate collection of sputum and secretions 
for Papanicolaou smears. Preliminary data 
indicate that the yield of positive diagnoses 
has been increased by this measure. There 
has been no indication of sensitivity of the 
bronchial mucosa to dornase by this direct 
observation. 


Fig. 6. Case 4. Roentgenogram taken on Oct. 31, 
1960, after 5 days of dornase aerosol therapy. 
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Table V. Pancreatic dornase in chronic 
bronchopulmonary diseases 


Results 
Days of No 
Diagnosis No. | therapy |Good | change 

Lung abscess 7 5 6 1 
Bronchiectasis 9 5 9 — 
Asthma 2 3 — 2 
Chronic bronchitis 

with thick 

secretions 41 6 37 4 
Totals 59 20 52 

COMMENT 


With the development of enzymes for 
clinical use, new concepts of therapy are 
necessary. Instead of using medications 
which will affect the enzymatic activity of 
the tissues or cells secondarily, we can add 
the enzyme or its inhibitor directly and ob- 
tain a much more rapid and dramatic effect. 
Frequently the enzymatic process which has 
been activated will continue once the re- 
action has been triggered by addition of the 
enzyme from outside. Unusual care must be 
directed to the use of these agents. The 
enzyme must be delivered to its site of 
action. In the present instance the dornase 
must have contact with the lining of the 
tracheobronchial tree. It must be delivered 
in a fine mist to the depths of the bronchi. 
Enzymes, particularly dornase, lose activity 
rapidly. In solution it loses much of its 
activity within 30 minutes, so that it must be 
used as rapidly as possible. Enzymes are sus- 
ceptible to inactivation by many chemicals 
and should not be used with other agents 
unless they are known to have no inhibiting 
effect on the enzyme. Enzymes have a 
specific pH and temperature range for 
maximal activity, and for clinical use enzymes 
which can be effective in the physiologic 
range must be used or they must be ade- 
quately buffered in the body to maintain 
activity. 

Dornase is effective without causing tissue 
irritation when used with the diluent 
furnished. 

Once the secretions are liquefied the de- 
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crease in viscosity allows easier expectora- 
tion and eliminates the need of repeated 
endotracheal aspirations which are not oily 
traumatic but also can trigger a _ reillex 
bronchospasm with dyspnea and retention of 
secretions and may introduce infection. In 
the majority of acutely ill patients with major 
atelectasis, the use of this enzyme will bring 
about a rapid mobilization of the tracheo- 
bronchial secretions with improvement in 
the clinical picture and the resolution of the 
atelectasis. 

In thoracic procedures the enzyme has 
been particularly useful and it has not inter- 
fered with the healing of the bronchial 
stump. Indeed, one might expect that it 
would be helpful by removing purulent 
exudate from the area. Dornase aerosol has 
improved the results of pulmonary resection 
in marginal-risk patients. In many instances 
a patient acutely ill with atelectasis in spite 
of the usual measures showed evidence of 
resolution of the process within 12 hours of 
dornase administration. Similar results were 
obtained in cases of pulmonary complications 
after abdominal operations. 

The preoperative use of this liquefying 
agent has aided in preparation for operation 
of patients with chronic bronchitis, bron- 
chiectasis, and diminished respiratory reserve. 
Particularly in patients with pulmonary 
lesions in whom lung abscess or bronchiec- 
tasis is a major factor, the use of the dornase 
aerosol has brought about a maximum im- 
provement prior to resectional operation. It 
has been effective even when postural drain- 
age and bronchoscopy have failed to bring 
about satisfactory preparation of the patient 
for thoracotomy. The fact that no reactions 
have been encountered and that the liquefac- 
tion of the secretions is brought about in a 
short period of hours makes its use easy and 
desirable. In patients in whom tracheostomy 
is anticipated the enzyme loosens any crusts 
or thick secretions and reduces the need for 
traumatic suction postoperatively. 

In patients with tracheitis sicca the local 
instillation of this material has proved to be 
very effective. No other treatment has been 
satisfactory for this serious complication of 
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laryngeal and head and neck operations. 
Once thick crusts form in the tracheo- 
bronchial tree, repeated suctioning results 
only in local trauma, more bleeding, and 
greater crust formation. Dornase adminis- 
tered by local instillation has allowed the 
patient to cough up thick crusts within 30 
minutes and the effect is prolonged. After a 
course of treatment the patient may remain 
without difficulties for months. 

Use of dornase aerosol is indicated also in 
patients with chronic bronchopulmonary 
diseases when thick secretions or bronchial 
plugs are a major problem. 


SUMMARY 


1. Over 400 patients with atelectasis or 
other serious pulmonary complications of 
operations were given pancreatic dornase 
aerosol without significant toxic allergic or 
other undesirable reactions. 

2. Rapid clearing of the atelectasis or 
other pulmonary complications occurred in 
over 90 per cent of the patients. Improve- 
ment occurred in a few hours and complete 
resolution was noted usually after 1 to 2 
days of treatment. 

3. Preoperative use of this enzyme in 
patients with chronic bronchopulmonary 
disease is advocated. 
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DISCUSSION* 


Dr. William A. Altemeier (Cincinnati, Ohio). 
All three of these papers have been very interest- 
ing. I would like to confine my remarks, however, 
to the paper by Drs. Burke and McDermott be- 
cause of mutual interests. I think this paper has 
been particularly well conceived and executed 
and that the results are both significant and im- 
portant. Similar experiments have been conducted 
at the University of Cincinnati by two of my 
residents, Drs. Alexander and McGloin. They 
have shown a similar high degree of prophylactic 
effectiveness of aqueous penicillin given to guinea 
pigs, provided that the injection of penicillin was 
started before challenge by the hemolytic Staphylo- 
coccus aureus or at the time of challenge. If the 
injection of penicillin was delayed for 4, 8, or 12 
hours after challenge by bacteria, there was no 
significant prophylactic effect. There is evidence, 
however, to suggest that the period in which 
penicillin may have any prophylactic effect may 
not be fixed to 3 or 4 hours. In previous similar 
experiments performed by Drs. MacMillan and 
Culbertson in my laboratory with Clostridium 
welchii, it was found that a significant degree of 
protection could be obtained for as long as 12 
hours after a challenge with these organisms, pro- 
vided that the bacterial suspensions injected were 
free of toxin. Under such circumstances, a 40 
per cent survival was obtained when the injections 
of penicillin were delayed 8 to 12 hours after 
challenge and the dose increased fiftyfold. We 
intend to repeat the experiments with the Staphylo- 
coccus aureus and use a saline suspension of 
washed cells free of toxin to make sure that the 
effects we are seeing in the first 3 hours are not 
due to a significant degree to the coexistent toxin 
and the suspension. 

Dr. Frank Spencer (Baltimore, Md.). I was 
impressed that Dr. Burke has found that only a 
few hours in difference in the starting of anti- 
biotic therapy made a significant difference in 
the rate of infection. Similar observations, how- 
ever, were reported by Dr. H. W. Scott about a 
year ago in studies of contaminated grafts in the 
abdominal aorta. 

We have been interested in the reasons for the 
ineffectiveness of postoperative antibiotics in the 
reduction of wound infections. Two speculations 
have been (1) that the organism might be en- 
capsulated in a wound hematoma and thus is in- 
accessible to circulating antibiotics given after 
operation or (2) that penicillin in customary 
dosages might be ineffective, whereas massive 
doses of penicillin would be effective. A similar ap- 
proach has been found effective in the treatment 
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of bacterial endocarditis. On the basis of these 


considerations, we are performing a study of the 


routine use of antibiotics in patients who undcrgo 
clean abdominal operations on a random sampiing 
basis. At the beginning of anesthesia the patients 
are given 1 Gm. of chloromycetin by intravenous 
injection and also 500,000 U. of penicillin. Sub- 
sequently, each hour for the subsequent 24 hours 
500,000 U. of penicillin is given and at 8-hour 
intervals 1 Gm. of chloromycetin. At the end of 
24 hours a total of 3 Gm. of chloromycetin and 
12,000,000 U. of penicillin have been given. All 
antibiotics are stopped at this time. 

Only initial results are available at this time, as 
less than 200 patients have been studied. It is of 
interest, however, that the infection rate in the 
group which received the massive doses of anti- 
biotics is about one-half of that occurring in the 
group not given antibiotics. 

Dr. Paul V. Harper (Chicago, IIl.). Dr. John 
Sommer in Dr. Vermeulen’s laboratory at the 
University of Chicago has been pursuing for 
several years this question of experimental pyelo- 
nephritis in the rat, and he also found that when 
infection was introduced into the bladder through 
the suprapubic route the obstructed kidney oc- 
casionally became infected. However, while in- 
fection was introduced into the animal’s bladder 
through a small polyethylene urethral catheter, the 
obstruction of the ureter apparently gave com- 
plete protection to the kidney on that side so that 
it was unnecessary to postulate the seeding of the 
obstructed kidney via the hematogenous route 
from the other kidney. Dr. Sommer also injected 
through the urethral catheter into these animals’ 
bladders indigo carmine at physiologic volumes 
and pressures. The direct observations of the 
ureters showed that there was reflux of the dye up 
into the kidney in the great majority of the 
animals. This accounts adequately, I think, for the 
existence in the rat of ascending infection. This 
reflux of urine up the ureters has not been 
demonstrated in the human being, so it appears 
that this beautiful and unequivocal evidence for 
ascending infection in the rat cannot be con- 
strued in any way to demonstrate the existence 
of a similar phenomenon in man. 

Dr. Willard E. Goodwin (Los Angeles, Calif.). 
These remarks are confined to the paper on ex- 
perimental pyelonephritis and in a way echo what 
Dr. Harper has just said. This is a very nice 
study, and I agree completely—for rats. However, 
none of this audience should go home believing 
that the same thing is true of human beings. If it 
were, instrumentation of the urinary tract of a 
human patient would be impossible. In human 
beings this situation can occur under conditions of 
chronic vesical-neck obstruction with vesico- 
ureteral reflux. 
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The poor little rat, however, has no protection 
against reflux. I invite you to consider a simple 
experiment. Fill the rat’s bladder with indigo 
carmine which is visible with the naked eye. It 
will run upward into both kidneys as you watch. 
If you squeeze the bladder a little bit, you can see 
it run into the renal veins. Ultimately it will turn 
the whole rat blue. This probably explains Dr. 
Harper’s animals which got infections after ureteral 
ligation. The spread was from the bladder to the 
other kidney, thence to the blood stream, and to 
the kidney with the ligated ureter. 

We have performed the experiment of over- 
filling the bladder with indigo carmine and India 
ink in rats, rabbits, dogs, cats, and human subjects. 
The rabbit and the rat both show vesicoureteral 
reflux. Dogs, cats, and human beings, unless they 
have some obstructive lesion, do not exhibit this 
phenomenon. There seems to be a species differ- 
ence. The rat is probably not the best animal in 
which to study pyelonephritis in relation to blad- 
der infections. It may .be that this simple species 
difference is one of the things that has lead to 
some of the current erroneous conclusions about 
pyelonephritis and the catheter. 

It is very interesting, indeed, to know what 
happens to rats, but let us not necessarily apply 
this information to the human being. The poor rat 
can't help itself. 

Dr. Ed Howes (Hartford, Conn.). I want to 
comment on the magic 6 hours after wounding. 
Fredrich, one of the forgotten men in surgery, 
professor of surgery at Leipzig at the end of the 
nineteenth century, first called attention to this 
6 hours in a scientific investigation. This work 
was carried out shortly after bacteria were dis- 
covered, cultured, and stained. He wondered why 
all wounds did not become infected. When he 
crushed tissue or put in dirt with bacteria, all 
wounds became infected. But if he removed the 
crushed tissue or dirt within the first 6 hours, 
few wounds became infected. With later removal, 
more and more became infected until, after 12 
hours, all again were infected. This experiment is 
the scientific basis for débridement (Arch. klin. 
Chir. 57: 288, 1898). 

Débridement was first practiced in World War 
I when its application was immediately confused 
with primary closure of the wounds. The experi- 
ence was enough, however, to show that it wouid 
be successful if carried out within 6 hours. Policard 


Pancreatic dornase inhalations for pulmonary complications 


185 


and Desplas showed that bacteria begin to multi- 
ply in the wound after this period. 

In World War II, when the sulfa drugs and 
penicillin were introduced, this period was 
lengthened slightly to 8 hours. 

Previously I showed that if susceptible bacteria 
were put into a crushed wound, nearly 100 per 
cent prevention of infection could be obtained 
if the antibiotic was introduced within the first 
4 hours. After 6 hours, more and more wounds 
became infected, although the bacteria were still 
susceptible to the antibiotic. The only other change 
that could be found was that the bacteria were 
now inside leukocytes where the antibiotic could 
not reach them (Ann. Surg. 124: 268, 1946). 

It is interesting to hear that the 6 hours still 
exist. 

Dr. John F. Burke (closing). I agree with Dr. 
Howes absolutely. What we have shown you today 
is a limited case, a specific example, and cannot 
be carried over directly into complex situations 
such as surgical wounds. I think the most im- 
portant point is that the lesions shown reached 
their maximum at 24 hours, but could not be 
altered after 3 hours. These were primary lesions 
without secondary spread. This does not only 
pertain to alteration by antibiotics. Other experi- 
ments have shown that host factors which tend 
to limit the size of a primary lesion must be 
blocked in this first 3 hours in order to produce 
a lesion bigger than predicted. It appears that the 
biochemical exchange between host and invading 
bacteria is over in a short period close to exact 
time of invasion—in our experimental lesions and 
wound infections, 3 hours. If you would alter this 
lesion, you have to do it during this period. 

Dr. John H. Davis (closing). I would like to 
make just 2 comments. Dr. Harper mentioned 
injecting the urinary bladder with bacteria through 
a catheter rather than through a surgical incision. 
We have used this technique but have given it 
up because in some instances a mixed infection 
resulted. The problems are great enough with 
only one bacterial strain and so we have limited 
ourselves to the surgical technique. 

In answer to Dr. Goodwin, I certainly agree 
that the results in the rat do not necessarily apply 
to man. There is, however, some evidence by high- 
speed cineroentgenography that vesicoureteral re- 
flux occurs in normal human beings. I thank 
the discussers for their comments, 
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Prolonged survival of a renal homograft 


in a dog treated with 
6-mercaptopurine 


1958 Schwartz and associates’ re- 
ported a marked suppression of antibody 
formation to bovine serum albumin in rab- 
bits when 6-mercaptopurine was given simul- 
taneously with the antigen. In the foliowing 
2 years, Meeker’? and Schwartz’? and their 
colleagues demonstrated a significant pro- 
longation of the survival of skin homografts 
in rabbits by treatment with 6-mercapto- 
purine. These experiments led us to study 
the effect of this antimetabolite on the survi- 
val of organ homotransplants in another 
species. The kidney was chosen because its 
rejection pattern in the dog has been well 
studied,® it has a sharp rejection end point, 
and standard methods for evaluating its 
functional survival were available.'* 


METHODS 


Mongrel dogs immunized for distemper 
and rabies which. weighed from 10 to 26 
kilograms were anesthetized intravenously 
with pentobarbital, 30 mg. per kilogram, and 
the skin was treated with pHisoHex and 
tincture of Zephiran. With sterile technique, 
the right kidney was excised through a sub- 
costal incision and implanted into the left 
side of the recipient’s neck by anastomosis 
of the renal vessels to the external jugular 
vein and common carotid artery end-to-end 
with No. 6-0 silk. Total ischemia time ranged 
from 16 to 50 minutes. The ureter was cut to 
10 cm. in length and was brought out to the 
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surface for a skin ureterostomy.® (In the first 
few experiments, a plastic cannula was tied 
into the ureter but because this was followed 
by stenosis in 2 to 3 weeks, it was aban- 
doned.) During the operation 1,000 ml. of 
normal saline solution was given intrave- 
nously to promote diuresis. In the later ex- 
periments atropine, 0.6 mg., was given intra- 
venously 30 minutes prior to the _pento- 
barbital, and tracheal suction was performed 
at the conclusion of the operation. Trans- 
plants were performed reciprocally in 34 
dogs and unilaterally in 17. 6-Mercapto- 
purine,* 3 to 6 mg. per kilogram, was given 
intravenously before the implantation of the 
transplant into the recipient. It was found 
to be essential that the parenteral form of 
the drug be freshly prepared on the day 
when given because it rapidly lost its potency 
in solution. In 3 experiments the drug was 
started the day prior to transplantation, but 
this appeared to have no particularly bene- 
ficial effect. For 8 to 12 days after operation 
the drug was given daily by mouth in gelatin 
capsules. After this it was given every second 
day and dosage was adjusted for changes 
in the weight of the dog. A different regimen 
was followed in dogs which received 4 to 5 
mg. per kilogram daily. This dose was con- 
tinued until the white blood cell count fell. 
At that time the dose was reduced. 
Achromycin, 250 mg., was given intrave- 
nously at the beginning of the operation and 
procaine penicillin, 400,000 to 900,000 U., 
was given intramuscularly daily thereafter. 
In the earlier experiments the dogs were 


*Supplied as Purinethol through the courtesy of Dr. D. S- 
Searle, Burroughs, Wellcome and Co. 
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also given streptomycin, 1.0 to 2.0 Gm., in- 
tramuscularly daily, but this was discon- 
tinued because of respiratory depression. 
Bacitracin ointment was applied to the ure- 
terostomy site at operation. Each dog re- 
ceived 0.6 ml. of multivitamins* daily and 
canned meat 2 to 7 times per week, in addi- 
tion to dog biscuit ad libitum. Finally, the 
dogs were exercised daily, usually by running 
them up and down stairs. 

Continuing function of a homograft was 
determined by profuse wetting of the coat 
of the dogs below the ureterostomy each day. 
This has proved a reliable index except for 
occasional false-negative results. At weekly 
intervals 50+ ml. of urine was collected from 
the ureterostomy for urinalysis. 


RESULTS 


A total of 51 dogs treated with 6-mercap- 
topurine received renal homografts. Of these, 
there were 11 technical failures in that the 
homografts functioned for 3 days or less. In 
2 dogs the drug was discontinued after 2 
and 4 days and function ceased at 7 and 8 
days, respectively. The results in the remain- 
ing 38-dogs are presented in Table I. Fifteen 
of the transplants functioned for 15 or more 
days, 4 of these functioned for over 30 days, 
and 1, No. 398, functioned and is continuing 
to function for over 400 days. The mortality 
rate increased sharply to 80 per cent in ani- 
mals treated with 6-mercaptopurine at the 
3 mg. per kilogram level. Most of the dogs 
that died had bronchopneumonia. A few 
developed a toxic syndrome characterized 
by anorexia, diarrhea, rapid weight loss, 
leukopenia, and jaundice. 

Hematologic studies. In most dogs the 
hematocrits were maintained at a constant 
level. The anemia which developed in some 
dogs responded to an increase in meat ra- 
tion. The erythrocyte sedimentation rate 
uncorrected for hematocrit showed an in- 
constant rise to the range 25 to 50 mm. per 
hour during the time of active homograft 
rejection. In dog No. 398 the erythrocyte 
sedi:nentation rate rose initially to 55, but 


*Abdec drops, Parke, Davis & Company. 
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after the first 2 months it remained in the 
range 0 to 15 until excision of the recipient’s 
second kidney. The white blood cell count 
generally fell below 8,000 per cubic milli- 
meter in 1 to 2 weeks. There was marked 
variation, however. Dog No. 2937 main- 
tained a white blood cell count of over 
10,000 for 4 weeks while on 5 mg. per kilo- 
gram per day of 6-mercaptopurine. In dog 
No. 398 the white blood cell count fell ini- 
tially to 7,000 to 8,000 for about 2 months, 
after which it was 9,000 to 14,000. In the 
differential leukocyte count, the lymphocyte 
fraction was usually depressed to the range 
1 to 12 per cent. In dog No. 398, after being 
depressed for the first 3 months, the lympho- 
cyte fraction ranged from 18 to 37 per cent. 

Urine studies. The specific gravity ranged 
from 1.000 to 1.032. In dog No. 398 the 
urine did not become concentrated until 1 
month after implantation. 

Results of tests for urine protein were usu- 
ally negative until 1 to 2 weeks prior to 
rejection, when they became positive. In 
dog No. 398 it was intermittently negative 
and positive. 

Weight of host dogs. The weights of the 
dogs usually decreased for 1 to 2 weeks 
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Fig. 1. Clinical course of renal homograft recipi- 
ent No. 1750 treated with 6-mercaptopurine. 
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and then were maintained at 20 to 30 per 
cent below operative weight; dog No. 398 
decreased in weight from 12.2 to 10.0 kilo- 
grams in 10 days and then over the suc- 
ceeding 5 months increased to 15.0 kilo- 
grams. 

Studies in dog No. 1750, in which the 
transplant functioned for 70 days before 
death, are presented in Fig. 1. 

Bromsulphalein excretion. ‘Table I] sum- 
marizes the results of Bromsulphalein 


Surge y 
July 19:1 


excretion in 9 dogs after a test dose of 5 
mg. per kilogram. There was no impairment 
of function after as long as 89 days with 
6-mercaptopurine, 3 mg. per kilogram, given 
every second day. 

Clearance studies and blood urea nitro- 
gen. Serial para-aminohippuric acid 
(P.A.H.) and creatinine clearances'* were 
performed on the homotransplant in dog 
No. 398 (Table III). Each value represents 


the mean of 3 successive collection periods 


Table I. Survival of renal homografts and mortality rate related to initial dosage 
level of 6-mercapto purine 


Initial dosage 
level of 6- 
mercap- 
topurine 
(mg./Kg.) 


Duration of 
function (days) 


Median days 
functioned 


No. of dogs 
dying during 
treatment 


Total No. of Mortality 
homografts rate (%) 


1.0 6 


3.0 


15, 16, 17, 17,* 18 
18,* 21,* 31,* 70* 
270+ 

4.0 17, 17,* 22 

5.0 10,* 12,* 14,* 20, 31* 


2 0 0 


*Died with functioning renal homograft. 


Fig. 2. 6-Mercaptopurine-treated kidney homo- 
transplant, which functioned until the death of 
the host dog (No. 3897), on the seventeenth day 
postoperatively. Note the absence of lymphocytic 
and plasmacytic infiltration. (Hematoxylin and 
eosin; x80.) 


Fig. 3. 6-Mercaptopurine-treated kidney homo- 
transplant, which functioned until death of the 
host dog (No. 1750), on the seventieth day post- 
operatively. Note the moderate amount of lympho- 
cytic and plasmacytic infiltration, the marked 
tubular atrophy, and the thickening of Bowman's 
capsule. (Hematoxylin and eosin; x80.) 
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capsule, and periglomerular infiltration of plasma 
cells. (Hematoxylin and eosin; <330.) 


of at least 15 minutes each, corrected for 
the weight of the dog. Simultaneous studies 
were performed on the recipient’s own kid- 
neys on 3 occasions. The means for the 
P.A.H. and creatinine clearances of the re- 
cipient lie within 1 standard deviation of 
the values cited by Smith.'* The mean val- 
ues for the P.A.H. and creatinine clearances 
of the homografted kidney during the first 
163 days after transplantation were 53 and 
65 per cent of normal, respectively, with 
allowance for the fact that normal is based 
on 2 kidneys. After excision of the recipi- 
ent’s own kidneys, these clearances increased 
to 80 per cent of normal for P.A.H. and 110 
per cent for creatinine, which suggested 
hypertrophy of the transplant. Blood urea 
nitrogen in this same dog showed a maximal 
rise to 32 mg. per cent after removal of the 
recipient’s second kidney (Table IV). When 
6-mercaptopurine was stopped the maxi- 
mum value during the next 19 days was 
26.2 mg. per cent. 

Pathology. 

Kidney homotransplants. Gross examina- 
tion of the kidney transplants which were 
still functioning when the host dog died 
showed an absence of swelling and hemor- 
thage. and a minimal gain in weight (Table 
V). Microscopic examination showed no 
round-cell infiltration in one-half of these 
Cases and minimal to moderate round-cell 
infiltr: {ion in the remainder (Figs. 2 and 3). 
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4. Glomerulus from kidney homotransplant 
of 6-mercaptopurine-treated dog No. 398 which 
shows cresent formation, thickening of Bowman’s 


after the last dose of the drug. (Hematoxylin and 
eosin; *330.) 


In the 4 kidneys which functioned for more 
than 30 days there was tubular atrophy with 
interstitial fibrosis and thickening of the 
basement membrane of the capillary tufts 
and Bowman’s capsule in many of the glo- 
meruli (Fig. 4). A few of the arterioles showed 
hypertrophy of the muscularis and intimal 
proliferation (Fig. 5). Two of the trans- 
plants showed acute pyelonephritis. Biopsies 
of the kidney of dog No. 398 at 255 days 
when 6-mercaptopurine treatment was 
stopped and 13 days later both showed mod- 
erate numbers of round cells consisting prin- 
cipally of plasma cells as demonstrated by 
methyl green-pyronine stain (Figs. 6 and 7). 
The glomeruli, tubules, and arterioles showed 


Table Il. Effect of 6-mercaptopurine* on 
Bromsulphalein excretion in dogs 


BSP Days on 
Dog. No. (mg. %) 6-mercapto purine 
398 3.0 89 
1748 0.3 27 
26 is 21 
1750 0.6 14 
1275 1.7 12 
1260 3.7 13 
1150 0.5 15 
1262 1.5 13 
1082 4.8 19 
Means 1.9 24.8 


*Three milligrams per kilogram daily for 9 to 10 days, 
then every other day. 
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Fig. 5. Artery from kidney homotransplant of 
6-mercaptopurine-treated dog No. 398 13 days 
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the lesions noted in other transplants which 
functioned for over 30 days. Host kidneys in 
the above animals were normal except for 
acute tubular degeneration consistent with 
postmortem change and 1 kidney which 
showed minimal glomerulonephritis. There- 
fore, the lesions which occurred in the trans- 
planted kidneys were not the result of 
6-mercaptopurine treatment. 

Transplants which stopped functioning be- 
fore the death of the host showed typical 
gross and microscopic lesions of homograft 


rejection (Fig. 8). Grossly the kidneys were 
tensely swollen with hemorrhage at the cor- 
ticomedullary junction and had increased 
in weight to up to 3 times their weighi at 
transplantation. Microscopically there was 
dense cellular infiltration of lymphocytes, 
plasma cells, and some macrophages. 

The spleens from treated host animals 
in which the kidneys were functioning at 
the time of death were decreased in 
weight in comparison to spleens from 
treated hosts in which transplants were re- 


Table III. Clearance studies on renal homograft and the recipient’s kidneys in 


dog No. 398 ; 


Clearances (ml./min./Kg.* ) 


Day after 


Homograft 


Recipient’s kidneys 


Date grafting 


Creatinine P.A.H. | Creatinine 


June 10, 1960 
July 19, 1960 
Aug. 23, 1960 
Sept. 22, 1960 
Oct. 20, 1960 


Mean values 3.2 
Nov. 16, 1960 190 
Dec. 7, 1960 211 
Dec. 27, 1960 231 5.4 
Jan. 15, 1961 251 5.4 


Normal values for a 2-kidney dog! 


1.4 


Left nephrectomy 
Right nephrectomy 


2.4 


13.5 2 43 2101 


*Homograft corrected to weight of donor dog (16.9 kilograms) and recipient’s kidneys corrected to median weight of re- 


cipient dog (13.0 kilograms). 


Fig. 6. The kidney homotransplant from dog 
No. 398 13 days after 6-mercaptopurine treat- 
ment had been withdrawn. (Hematoxylin and 
eosin; X80.) 


Fig. 7. Plasma-cell infiltrate in the cortex of dog 
No. 398’s kidney homotransplant on the last day 
of 6-mercaptopurine treatment (255 days after 
transplantation). (Methyl green-pyronine; 830.) 
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Fig. 8. Homotransplanted kidney from 6-mercap- 
topurine-treated dog No. 2048 which shows the 
lymphocytic and plasmacytic infiltration charac- 
teristic of the homograft reaction which was found 
in treated kidneys that stopped functioning. (He- 
matoxylin and eosin; 80.) 


Table IV. Results of blood urea nitrogen 
determinations on kidney homograft 
recipient No. 398 


Day after 
Date grafting 


BUN (mg. %) 


. 14, 1960 158 5.0 
. 21, 1960 165 16.2 
. 16, 1960 191 13.0 (excision of recipi- 
ent’s left kidney) 
. 21, 1960 196 
. 23, 1960 198 
. 25, 1960 200 
. 7, 1960 212 14.0 (excision of recipi- 
ent’s right kidney ) 
. 9, 1960 214 
. 12, 1960 217 
. 16, 1960 221 
. 19, 1960 224 
. 22, 1960 227 
. 6, 1961 242 
. 19, 1961 


NO PO 


Kidney, spleen, and 
lymph node biopsies, 
last dose of 6-mer- 
captopurine 

17.0 

17.0 

25.0 

20.0 

26.2 

24.0 

17.5 

21.0 
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Fig. 9. Spleen from tolerant dog No. 2691 after 
13 days of 6-mercaptopurine treatment at 5 mg. 
per kilogram. Note the loss of all lymph follicles 
except for small, irregular collections of lympho- 
cytes. (Hematoxylin and eosin; x30.) 


Fig. 10. Mesenteric lymph node from 6-mercapto- 
purine-treated dog No. 1750 at 70 days. Note 
loss of lymph follicles and thinning of the cortex 
and medullary cords. (Hematoxylin and eosin; 
x125.) 
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Fig. 11. Mesenteric lymph node from 6-mercapto- 
purine-treated dog No. 398 after 255 days of 
treatment. Note the thick cortex containing ac- 
tive lymph follicles with well-developed mantle 
zones. (Hematoxylin and eosin; x30.) 


jected. The means and standard deviations 
(corrected for the weight of the animal) 
were 1.6 + 0.5 and 3.8 + 1.4 Gm. per kilo- 
eram, respectively. The microscopic findings 
paralleled the gross. Spleens from “tolerant 
hosts” showed loss of most lymph. follicles 
and absence of mitotic figures. Lymphocytes 


Table V. Pathology of renal homografts treated with 6-mercapto purine 


Sur ery 
July 


and plasma cells were more affected than 
reticulum cells (Fig. 9). Spleens from “in- 
tolerant” hosts showed preservation of many 
lymph follicles, although they were generally 
decreased in size and the mantle zone was 
absent. Mitotic figures were present in the 
germinal centers. Thus, the success of 6-imer- 
captopurine in suppressing the homograft 
reaction correlates well with the suppression 
of lymphocyte production in the spleen. 

Mesenteric lymph nodes from “tolerant” 
hosts, although not decreased in size grossly, 
showed thinning of the cortex, loss of pii- 
mary follicles, and decrease in the medullary 
cords (Fig. 10). 

Dog. No. 398, in contrast with other tol- 
erant hosts, showed primary follicles in a 
mesenteric lymph node and secondary folli- 
cles containing many mitotic figures in the 
spleen (Figs. 11 and 12). 


COMMENT 


Calne* reported the survival of 2 renal 
homotransplants in nephrectomized dogs 
treated with 6-mercaptopurine for 21 and 


Initial dosage Weight Cellular 
Dog level of 6-mercaptopurine Days of gain infiltration 
No. (mg./Kg.) function (Gm.) in cortex 
49 3 11 “ 0 
316 3 12 - 0 
2691 5 12 “ 0 
2933 5 14 1.3 0 
Functioned 2528 3 17 3.2 + 
until death 3897 4 17 1.0 0 
of host 1916 k 18 - + 
1638 3 21 4.5 0 
26 3 31 - + 
2937 5 31 0.9 +++ 
1750 3 70 - ++ 
398* 3 255+ - +++ 


2593 3 7 46 ++t+ 
1840 3 11 42 +4+++ 
Stopped 1150 3 14 68 +++ 
functioning 1262 3 16 93 ++++ 
before death 2122 3 17 118 ++++4 
of host 2975 5 20 88 +444 
2815 4 22 80 +++4 
*Kidney is still functioning. 
+ = a few scattered cells. 
++ == small foci of cells. 
++ = large foci of cells. 


++4+4+ confluent cellular infiltration. 
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Fig. 12. A, Spleen from 6-mercaptopurine treated dog No. 398 after 255 days of treatment 
shows active lymph follicles with prominent mantle zones (x30). B, The germinal centers 


47 days when the dogs died of pneumonia. 
Blood urea levels at time of death were 40 
mg. per cent. No homograft reaction was 
found in either transplant by microscopy. 

Zukoski and colleagues'® obtained func- 
tional survival of renal homografts in ne- 
phrectomized dogs for 25, 27, and 34 days. 
They also reported complete suppression of 
gross and microscopic evidences of the ho- 
mograft reaction in 4 dogs 14 to 15 days 
after transplantation. Biopsies which showed 
only a mild reaction were obtained in 9 
other treated dogs. Treatment at 5 mg. per 
kilogram for 14 days completely eliminated 
the lymph follicles in the spleen and lymph 
nodes. These 2 studies together with the 
data presented here show that 6-mercapto- 
purine can block the homograft reaction to 
kidneys in dogs, at least temporarily. 

At the biochemical level 6-mercaptopurine 
is first converted to 6-mercaptopurine ribo- 
nucleotide by the action of a 5’-phosphate 
pyrophosphorylase enzyme and a-5-phospho- 
ribosyl-pyrophosphate.* Evidence for the ne- 
cessity of this step is that tumor cells and 
strains of bacteria which are resistant to 6- 
mercaptopurine lack this enzyme.** The 
6-mercaptopurine ribonucleotide then com- 
petatively inhibits the conversion of inosine 
ribonucleotide to adrenine ribonucleotide.” ™ 
It does not, however, inhibit the incorpora- 
tion of adenine or adenine nucleotide into 
nucleic acids. One report suggested that 6- 
mercaptopurine might itself be incorporated 


contain many cells undergoing mitosis (330). (Hematoxylin and eosin. ) 


into desoxyribonucleic acid and ribonucleic 
acid.® A later study, however, has failed to 
support this.’ 

At the cellular level, histologic studies 
have shown that in instances in which 
6-mercaptopurine has prolonged renal homo- 
graft survival there is absence or a definite 
depression of lymphocytic infiltration into 
the graft. The mechanism by which these 
cells damage kidneys is not clear, but the 
presence of glomerular and arteriolar lesions 
in kidney homografts which survive for more 
than 30 days suggests that these structures 
may be involved in addition to the tubules 
as sites for the action of the lymphocytes. In 
addition, production of lymphocytes in the 
spleen and lymph nodes is dramatically de- 
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Fig. 13. Site of action of 6-mercaptopurine in 
blocking the homograft rejection mechanism. 
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pressed in most instances when the reaction 
in the graft has been prevented. Cells which 
are produced may be ineffectual in damag- 
ing the graft because of blockade of their 
production of antibody secondary to reduc- 
tion of ribonucleic acid synthesis by 6-mer- 
captopurine. These relationships are sum- 
marized in Fig. 13. 


SUMMARY 


1. In 51 dogs treated with 6-mercap- 
topurine, 15 renal homografts survived for 
15 days or more. One of these is still func- 
tioning after 400 days. 

2. The homograft reaction can be pre- 
vented temporarily by 6-mercaptopurine in 
some dogs, as confirmed by both gross and 
microscopic criteria. 

3. Four renal homografts which func- 
tioned for more than 30 days showed glo- 
merular and arteriolar lesions in addition to 
tubular lesions and round-cell infiltration. 

4. The mechanism of action of 6-mer- 
captopurine is discussed. 


The authors wish to express their appreciation 
for the helpful advice of Dr. S. J. Zak and the 
technical assistance of Mr. A. LeDoux, Miss D. 
Melcher, Mr. J. Maney, and Mrs. R. Weiner. 
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DISCUSSION 


C. F. Zukoski (Richmond, Va.). In our studies 
on the effect of 6-mercaptopurine on functional 
survival of renal homotransplants, bilateral ne- 
phrectomies were performed in the dogs at the 
time of the transplantation. As controls for these 
studies, bilaterally nephrectomized dogs with no 
renal homograft lived an average of 7.5 days. 
Ten dogs with bilateral nephrectomy and a renal 
homograft without 6-mercaptopurine therapy lived 
an average of 15 days. In the dogs given 6-mer- 
captopurine therapy, 3 of 18 lived for 32, 42, and 
66 days with normal blood urea nitrogen. We 
have not noticed the glomerular lesions which Dr. 
Pierce mentioned. 

Dr. Willard E. Goodwin (Los Angeles, Calif.). 
Drs. Pierce and Varco are to be complimented 
on an interesting and timely piece of work. It is 
from efforts such as this that we may someday 
learn to deal with the homograft rejection reac- 
tion. 

We continue to be extremely interested in the 
problem of renal homotransplantation. Dr. Matt 
Mims, one of our residents, had a canine homo- 
transplanted kidney which lived for 114 days after 
transplantation and was normal at the time of the 
death of the animal. The significant thing about 
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this experiment, we think, was that the recipient 
had received chyle lymphocytes from the donor 
in large amounts before, during, and after the 
transplantation. We do not know why this al- 
lowed the unrelated homotransplanted kidney to 
live longer than the expected time, but we believe 
that in some way it affected the rejection reaction. 

I also want to mention briefly a recent homo- 
transplantation experience in a patient. A 22-year- 
old girl was the recipient of her mother’s kidney 
in September, 1960. Before transplantation, an at- 
tempt was made to reduce the circulating lympho- 
cytes by the administration of nitrogen mustard 
followed by Cytoxan, which was later followed by 
renal homotransplantation. The initial result was 
satisfactory. However, after about a month, she 
began to reject her mother’s kidney as expected. 
This rejection was halted by massive doses of 
corticosteroids (specifically, prednisone, 200 mg. 
a day). She died 20 weeks and 3 days after the 
transplantation of pneumonia and overwhelming 
sepsis which could not be controlled during the 
administration of the massive doses of adrenal 
steroids. 

You will note that she did not survive as long 
as Dr. David Hume’s untreated patient, who lived 
5% months with a homotransplanted kidney from 
an unrelated donor. The significant things that 
we think we learned from this adventure in hu- 
man renal homotransplantation were that (1) 
renal decapsulation at the time of the original 
operation was helpful, (2) the lymphocytes could 
be depressed with nitrogen mustard and this may 
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have had some effect, and (3) massive doses of 
adrenal corticosteroids are capable of postponing 
rejection for weeks and even months. Although 
similar experiments have been tried in animals 
with smaller doses of cortisone, the prolongation 
of the rejection period was very slight. Before this 
experience, we did not realize that it was possi- 
ble to block the rejection in this way. 

Since genetic and immunologic factors govern- 
ing the rejection reaction seem at present to be 
unmodifiable in the human being, it seems to us 
that a possible future solution may follow the 
sort of excellent work and approach we have 
heard this morning from Drs. Pierce and Varco. 
In addition to suppression of the rejection re- 
action by various poisonous drugs, it may be 
hoped that rejection can be delayed by the use 
of steroids until a possible adaptation may take 
place. 

Dr. J. C. Pierce (closing). I would like to 
thank Drs. Zukowski and Goodwin for their re- 
marks and to report the latest studies on dog No. 
398. 6-Mercaptopurine treatment was stopped 3 
weeks ago, at which time the transplant had 
functioned for 255 days. A biopsy 2 weeks later 
showed no appreciable increase in cellular infil- 
tration of the transplant. Two and one half weeks 
after withdrawal of 6-mercaptopurine, 197 ml. of 
urine was collected which showed a trace of pro- 
tein. The blood urea nitrogen was 21 mg. per 
cent. It is too early yet to know whether the kid- 
ney is slowly rejecting or whether tolerance has 
been induced. 
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ith the advent of satisfactory pump- 
oxygenator systems for use in extracorporeal 
circulation, satisfactory metabolic studies in 
isolated and perfused organs and _ systems 
should prove feasible. Our initial studies in 
the isolated and perfused canine liver have 
been reported.? Maintenance of a normal 
liver by perfusion techniques has proved 
particularly troublesome in the dog because 
of the frequency, in fact almost the in- 
evitability, of the “outflow block” phenome- 
non. This problem has driven many investi- 
gators to utilize other species which may not 
be as available or as satisfactory in size. The 
history of efforts at perfusion of the mam- 
malian liver has been reviewed and the re- 
sults evaluated in terms of flow, oxygen con- 
sumption, and so forth.* 

In the course of more than 100 attempts at 
perfusion of canine livers, it has been pos- 
sible to overcome the “outflow block’ phe- 
nomenon and to maintain a_ normally 
functioning organ for as long as 8 hours. 

Because of the potentialities of utilization 
of this type of technique for tumor per- 
fusion in man, the hepatectomized host dog 
has been maintained during the perfusion and 
replacement of the liver attempted in 16 of 
the experiments. 

Selected studies from the last 36 perfusions 
will be reported in detail. 
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ciety of University Surgeons, Kansas City, Kan., Feb. 
9-11, 1961. 


METHODS 


In the last 36 isolated liver perfusions, 
a standardized technique has been used in 
which both hepatic artery and portal vein 
have been perfused with blood under physi- 
ologic conditions of pressure and oxygen 
saturation. The outflow was collected by 
gravity in a graduated reservoir (I), pumped 
to a second reservoir (II), and filtered. From 
there, the circuit was divided, with a por- 
tion going directly to the portal reservoir 
(III) and a portion going to the disc oxy- 
genator. The oxygenated blood was again 
divided with a portion going to reservoir 
III to provide a mixture of venous and oxy- 
genated blood for the portal inflow and the 
remainder passing to the second pump to 
provide fully oxygenated blood for the arte- 
rial inflow. The exact details of the equip- 
ment, operative procedure, and method of 
isolation and perfusion are described mi- 
nutely in a previous report® and need not be 
repeated here. A schematic representation 
of the circuit is shown in Fig. 1. The circuit 
is similar to that used with the previously 
described standardized technique but has 
the addition of a splanchnic bypass from the 
splenic vein to the left jugular vein as well 
as from the infrahepatic vena cava to 
the right jugular vein. These bypasses are 
essential to the maintenance of the hepatec- 
tomized host if replant is to be attempted. 
All experiments were carried out in_ the 
special operating room of the vascular 
laboratories, where the temperature of the 
entire room could be controlled and studies 
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carried out at either normothermic or hypo- 
thermic levels. 

Flow rates were measured directly or by 
means of calibrated pumps, and _ pressures 
were read from manometers at appropriate 
points in the circuit. 

Plasma pH levels were determined im- 
mediately in the operating room on a 
Beckman pH meter. Other biochemical de- 
terminations (total carbon dioxide, oxygen 
saturation, glucose, lactate, parameters of 
liver function, and so forth) were carried 
out by standard techniques. 


RESULTS 


In the last 36 isolated perfusions carried 
out by the standardized technique described, 
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there were 2 failures due to technical errors. 
In the remaining 34 experiments, flow rates 
were highly satisfactory once circulation was 
well established. In 16 of the perfusions 
which were carried on for 4 hours or more, 
and in which no experiments were intro- 
duced which might alter flow or pressure 
significantly, reasonably normal indices were 
maintained. In Fig. 2, the average flows, 
pressures, pH, carbon dioxide tension, and 
carbon dioxide levels are recorded with the 
range of measurement recorded during the 
16 isolated perfusions. The average outflow 
from the liver has been over 400 ml. per 
minute (about 1.2 ml. per minute per gram 
of liver tissue in these animals). The flow 
rates were considerably higher than any pub- 
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Fig. 1. A diagrammatic representation of the system used for total isolation, 
perfusion, and replacement of the canine liver. 
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Fig. 3. Changes in pH which occur during perfu- 
sion under normothermic and hypothermic con- 


ditions. 


Fig. 4. Changes in total carbon dioxide which 
occur during perfusion under normothermic and 
hypothermic conditions. 
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lished data on any species which has come 
to our attention and fall within the range 
reported in studies on the intact dog by 
Blalock and Mason." 

The pH levels always showed a tendency 
to fall but were maintained within normal 
range by the addition of bicarbonate every 
30 minutes; the amount added varied ac- 
cording to the change in pH, but the average 
was 8 mEq. per hour. It is not surprising 
that the induction of hypothermia (30° C.) 
by alteration of the temperature of the room 
prevented the fall in pH which invariably 
occurred at normothermic levels unless 
bicarbonate was added at regular intervals. 
These data are shown in a scattergram 
(Fig. 3). 

The carbon dioxide and the carbon dioxide 
tension values were also well maintained with 
only a very slight fall during a 4-hour per- 
fusion period. Unless bicarbonate is added, 
however, the carbon dioxide content tends 
to fall during a perfusion and over the 
period of 4 hours, a change of 6 to 10 mEq. 
per liter. may be observed. At hypothermic 
levels (30° C.), however, no appreciable 
change occurs (Fig. 4). 

Liver function was well maintained as 
indicated by bile excretion of 8 ml. per hour 
with over 90 per cent of bilirubin in the 
conjugated form, excellent clearance of 
added ammonia, and bromsulphthalein re- 
tention of 6 per cent or less in 45 minutes. 
Transaminase levels in general were not 
elevated, although on a few occasions, par- 
ticularly toward the end of a long perfusion, 
there was a tendency for the level to rise. 

Oxygen consumption averaged better than 
15 ml. per minute (0.04 ml. per minute per 
gram of liver) under normothermic condi- 
tions, which testifies to the excellent meta- 
bolic rate maintained during the perfusion. 

The “outflow block” phenomenon. A 
number of factors appeared to induce an 
“outflow block” in our early perfusions and 
the picture of a dark, congested liver with 
increasing resistance and decreasing flow 
occurred with discouraging frequency. 
Eventually this barrier to successful per- 
fusion studies disappeared when a standard- 
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Fig. 5. Effect of anoxia on flow and pressure in 
the perfused liver. 


ized and technically satisfactory method was 
established in which pH, oxygenation, car- 
bon dioxide, and carbon dioxide tension 
levels were maintained in the normal range. 
In our experience, satisfactory perfusions 
and the maintenance of a metabolically nor- 
mal liver could not be maintained by per- 
fusion through the portal vein alone, even 
when fully oxygenated blood was_ used. 
Hypoxia, induced by lowering the oxygen 
saturation of hepatic arterial blood, caused 
a rapid fall in total outflow, a rise in portal 
pressure and in portal bed resistance, and 
the typical picture of a blue, congested liver. 
There was no significant change in arterial 
pressure, flow, or resistance (Fig. 5). The 
effects of a low carbon dioxide tension, in- 
duced by use of 100 per cent oxygen in the 
oxygenator, were quite different, however. 
Under these circumstances the outflow also 
decreased but the portal pressure and flow 
remained constant. There was less congestion 
but the arterial inflow decreased and the 
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Fig. 6. Effect of low carbon dioxide tension on 
flow and pressure in the perfused liver. 
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Fig. 7. Changes in glucose and lactic acid levels 
during perfusion of the liver. 
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arterial pressure and resistance rose (Fig. 6), 
Eventually this sequence of events resulted 
in progressive liver anoxia and an increasing 
resistance in the portal bed also, but even 
after a period of 2 hours, restoration of 
normal flow could be achieved if the carbon 
dioxide tension was restored to normal. 

Carbohydrate metabolism. Frequent meas- 
urements of blood glucose and lactic acid 
levels were made during a number of the 
satisfactory perfusions. The results are 
shown in Fig. 7. Because infusions of glucose 
were given during operation and before the 
actual isolation of the liver, the initial levels 
were quite variable; therefore changes have 
been shown as per cent of the initial 
level in order to maintain uniformity in the 
presentation of the data. It is of particular 
interest that glucose levels fell steadily dur- 
ing the first 3 hours of perfusion and even 
aiter that showed only a slight tendency to 
rise. This indicates that the liver was utilizing 
glucose at a rapid rate and these observa- 
tions are confirmed by liver biopsy before 
and after perfusion (Fig. 8). These histo- 
logic sections and special staining with 
periodic acid oxidation, followed by Schifl’s 
reagent with a saliva control, showed that 
a tremendous accumulation of glycogen in 
the hepatic cells had occurred. A metabol- 
ically unsatisfactory liver perfusion results 
in the release of glucose rather than the syn- 
thesis of glycogen, This has been character- 
istic in previous reports in which this aspect 
of the metabolism of the perfused liver has 
been discussed. To our knowledge, this is the 
first perfusion preparation in which glyco- 
genesis has been accomplished. 

Lactic acid levels in the perfusate also fell 
during the initial phases, although levels in 
stored blood from the donor measured at 
the same time rose steadily. After about 1//2 
hours, however, lactic acid levels, in distinc- 
tion to glucose levels, began a slow, steady 
rise which necessitated maintenance of a 
normal pH with added bicarbonate as pre- 
viously mentioned. This pattern occurred at 
hypothermic levels (Figs. 9 and 10) even 
though oxygen utilization was considerally 
depressed. 
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Fig. 8. Microscopic sections of the liver which show the tremendous increase in glycogen 
during perfusion. A, Before perfusion. B, After perfusion. 
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Fig. 9. Changes in glucose and lactic acid levels during perfusion and 
changes in lactic acid levels of stored blood under hypothermic conditions. 


It is difficult to draw any conclusions from 
a single experiment but the effects of 
glucagon and insulin were tested in 1 per- 
lusion ifter preliminary studies on flow and 
carbon dioxide tension changes had been 


investigated. When normal flow was re-estab- 
lished, successive injections of glucagon and 
insulin were given in the hepatic arterial in- 
flow (Fig. 11). This appeared to result in a 
rise in glucose level after injection of 
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Table I. Liver function after replacement of the perfused canine livers 
All 
Serum glutamic oxaloacetic 

Duration of Ammonia (Y % ) BSP retention (%) transaminase (U.) 
Dog perfusion 2 weeks | 3-10 months 2 weeks | 3-10 months 2 weeks | 3-10 month 2 wee 

P, 75 107 22 
P; 150 107 72 8 1 25 20 uw 
Pus 60 87 1 1 25 50 ™~ 
P2; 90 95 85 7 4 330 = 3.6 / 

Px; 180 7 338 


glucagon and a fall after insulin injection. 
The second dose of insulin, however, had no 
apparent effect. During this whole phase of 
the experiment there was an unexpected 
decrease in lactic acid levels even though 
pH levels were falling with the re-institution 
of the carbon dioxide-oxygen mixture in 
the oxygenator. 

Replantation of the perfused liver. In 16 
of the experiments, the hepatectomized 
animal was supported during the period of 
isolation and perfusion of the liver, and then 
the liver was restored to its normal location. 
This added to the complexities of the ap- 
paratus, required additional shunts to pre- 
vent splanchnic pooling (Fig. 1), and pre- 
sented additional metabolic and coagulation 
problems in the donor animals. There were 
8 deaths in the immediate postoperative 
period, 4 of which were due to technical 
problems and 2 to a persistent and refrac- 
tory clotting defect. There were 3 late 
deaths, 1 of which was due to hemorrhagic 
pancreatitis. The other 2 dogs showed no 
recognizable cause of death. Thus, there were 
5 long-term survivors available for study 
and observations. The results of liver func- 
tion tests are given in Table I. Except 
for elevations in the glutamic—oxaloacetic 
transaminase in the early postoperative 
period, the replanted liver maintained satis- 
factory function and the dogs appeared 
healthy and well nourished. All 5 long-term 
survivals were sacrificed at intervals ranging 
from 3 to 10 months and microscopic sec- 
tions showed normal liver cells and architec- 


ture. There were no thrombotic occlusions 
in any of the re-established vascular path- 
ways. 


COMMENT 


These studies as reported can be divided 
into 3 major phases, (1) the technical and 
metabolic aspects inherent in the establish- 
ment of a satisfactory perfusion system which 
would permit maintenance of the normally 
functioning liver totally isolated from the 
animal, (2) preliminary metabolic studies 
designed to make use of this experimental 
tool to clarify various problems in_ liver 
physiology, and (3) technical problems asso- 


ciated with replantation of the isolated liver 


after a period of perfusion. 

The major problem which has been en- 
countered over the years by investigators who 
attempted to establish an isolated liver for 
perfusion purposes was the frequent occur- 
rence of an “outflow block” which prevented 
a satisfactory perfusion and resulted in a 
liver unsatisfactory for metabolic studies. 
The phenomenon of the “outflow block” is 
most prominent in the dog and has led other 
investigators to seek other species for per- 
fusion experiments. It may well be that the 
sphincter mechanisms described in the 
hepatic veins of the dog contribute to this 
problem, but by the time a standardized 
system of creating a satisfactory perfusion 
system in the canine liver had been estab- 
lished, it became apparent that there is no 
single mysterious factor which was the cause 
of this block. Failure of proper oxygenation 
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globulin Alkaline phosphatase 
(Gm. %) Bilirubin (mg. %) (Bodansky units) Thymol turbidity (U.) 

2 weeks | 3-10 months 2 weeks |3-10 months 2 weeks | 3-10 months 2 weeks | 3-10 months 

ai 0.2 12.4 3.6 1.5 
Vis es 0.2 04 16.2 3.3 0.3 

4.3 9 


is probably the most important factor. Even 
a very transient period of anoxia of the liver 
will result in an “outflow block” in the intra- 
hepatic portal bed and the liver will become 
swollen, blue, and congested. Once this oc- 
curs it is frequently irreversible, although on 
occasions, by careful adjustment of the in- 
flow circuits, it has been possible to re-estab- 
lish a good flow and to decompress gradually 
the congested intrahepatic vascular bed. If 
a rapid and smooth transfer can be accom- 
plished from the normal inflow to the liver 
to the perfusion circuit, success can be ex- 
pected in a large percentage of cases and 
an outflow of 400 ml. per minute can be 
expected and maintained for many hours. 
These studies have demonstrated some of 


the factors which affect the flow through the 


liver. A period of hypoxia of 30 to 60 
minutes’ duration results in a steady fall in 
the total outflow from the perfused liver 
and a rise in the portal pressure. The arterial 
inflow and pressure remain constant during 
this metabolic alteration. These changes are 
reversible when oxygen is again introduced. 
If total anoxia occurs, however, or if pro- 
longed hypoxia (greater than 90 minutes) 
is carried out, the liver will become in- 
creasingly blue and congested. and gradually 
an irreversible stage of “outflow block” is 
reached which renders further attempts at 
restoration of normal flow impossible. 

Induction of low carbon dioxide tension 
in the perfusion circuit by eliminating car- 
bon cioxide from the oxygenator has a 
differe\t effect. Again the total outflow de- 


creases as the carbon dioxide tension falls, 
but under these circumstances the portal 
pressure and flow remain constant and the 
deficit in total flow is attributable almost 
entirely to the decrease in arterial inflow. 
Concomitant with the decrease in arterial 
inflow, the pressure rises in the arterial cir- 
cuit which indicates that a block has been 
established in the arteriolar intrahepatic 
vascular bed. 

While undoubtedly almost any metabolic 
abnormality will affect the perfused liver 
and induce alterations in pressure and flow 
in the various components of the complex 
intrahepatic vascular bed, the alterations in- 
duced by hypoxia and by low carbon dioxide 
tension appear to be the most consistently 
reproducible. As might be expected, how- 
ever, for a satisfactory perfusion, it is es- 
sential to maintain a normal pH as well as 
satisfactory oxygenation and carbon dioxide 
tension. 

Since the major portion of our efforts over 
the past 2 years has been directed toward 
the establishment of a satisfactory perfusion 
of the canine liver and study of the metabolic 
factors which may alter pressure and flow 
in the various circuits, specific metabolic 
studies directed toward liver function under 
these circumstances have been preliminary 
in nature. The most interesting observations 
to date have been concerned with carbohy- 
drate metabolism. It has been extremely in- 
teresting and encouraging that, as described 
in the results of the experiments, this isolated 
and perfused liver utilizes glucose in the 
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formation of glycogen at a highly satisfac- 
tory rate. During perfusions of up to 3 hours 
there has been a steady fall in the initial 
glucose level. In the past, isolated and per- 
fused livers have almost invariably shown 
a production of glucose from stored glycogen 
and attempts to establish a positive delta 
across the perfused liver bed have been un- 
successful. Apparently this is a very sensitive 
index of liver function and the formation 
of glycogen requires a liver which functions 
at very nearly normal levels. After roughly 
3 hours of perfusion, it has been quite com- 
mon to see the glucose level rise again, which 
suggests that after this period of time and 
despite continued satisfactory outflow, liver 
function begins to fail to some extent and 
the previously synthesized glycogen begins to 
release glucose back into the circuit. Con- 
comitant studies with lactic acid have shown 
that during the initial phases of perfusion 
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lactic acid levels will fall steadily which 
indicates metabolism by the liver o! the 
lactic acid which is formed by glycolysis in 
the red blood cells. After about 1% hours 
of perfusion, however, the lactic acid levels 
begin to rise steadily during the remaining 
period of the perfusion. The exact reasons 
for this remain to be clarified. It is possible 
that the metabolism of glucose and _ lactic 
acid by the isolated liver is competitive. 
Some preliminary studies suggest that lactic 
acid may be cleared more rapidly and over 
a longer period of time in a circuit of rela- 
tive hypoglycemia. 

Preliminary studies of the effect of 
glucagon and insulin on this isolated liver 
are presented mainly to demonstrate some 
of the areas which can be studied effectively 
with this preparation. These initial studies 
and others in progress suggest that there is 
a very definite effect of insulin on the iso- 
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lated liver, a point which has been con- 
troversial for many years. 

The observations made on replacement of 
the isolated and perfused liver relate in 
many ways to the excellent studies on homo- 
transplantation of the canine liver carried 
out by Moore and his associates. These con- 
frm the technical feasibility of transplanta- 
tion of the liver once the immunologic block 
associated with homotransplantation has 
been solved. These replacement studies were 
also carried out with a view toward studying 
the feasibility, dosage levels, and types of 
perfusion circuits which could be utilized 
inman for the treatment of isolated malig- 
nant. disease of the liver, either primary or 
metastatic. The technical and metabolic 
problems of maintaining an isolated and 
perfused liver simultaneously with the main- 
tenance of a hepatectomized donor, followed 
by restoration of the normal vascular cir- 
cuits, are obvious. The success rate in these 
experinents was not high, but certainly 
demonstrated the complete feasibility of 


achieving success in an increasing percentage 
of cases, 


Fig. 11. Effect of glucagon and insulin on blood glucose and lactic acid 
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SUMMARY AND CONCLUSIONS 


1. A technique of isolation and prolonged 
perfusion of the canine liver in which both 
inflow tracts are utilized has been described. 
The establishment of normal flow and pres- 
sure and the maintenance of normal pH, 
oxygen consumption, and carbon dioxide 
tension during the perfusion, as well as the 
support of normal liver function during the 
procedure, have been described. 

2. Preliminary studies of carbohydrate 
metabolism in the isolated and_ perfused 
liver have been reported. Demonstration of 
the feasibility of maintaining glycogenesis in 
this preparation is stressed. 

3. The feasibility of restoring the isolated 
liver to the hepatectomized donor animal 
after a period of a prolonged perfusion is 
described. 
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DISCUSSION 


Dr. Ben Eiseman (Denver, Colo.). During the 
past 2 years our studies have centered about 
pump-oxygenator perfusion of the pig liver com- 
pletely isolated and removed from the donor 
animal. I wish to make 6 very brief comments. 
(1) We, too, have been plagued by the temporary 
outflow block that occurs near the onset of per- 
fusion and which is of uncertain etiology. As ex- 
perience has increased, it has become less of a 
problem. Our impression is that avoidance of liver 
hypoxia by perfusion of the hepatic artery via a 
long limb from the oxygenator prior to cutting 
off portal venous flow is of most benefit in the 
prevention of such hepatic venous blockade. (2) 
We utilize physiologic pressures but higher flow 
rates which are in the neighborhood of 1 ml. per 
gram of liver per minute. (3) We maintain physi- 
ologic temperatures at all times since one cannot 
be certain that complex enzyme activity will re- 
turn to normal immediately upon rewarming from 
hypothermic levels. (4) The pH is kept near 7.4 
by suitable alteration of the oxygen-carbon dioxide 
ratio in the oxygenator. (5) Our findings con- 
cerning glucose utilization are similar to Dr. 
McDermott’s. The glucose is utilized, glycogen 
broken down, and a relatively high level of 
glucose more or less maintain by some inner 
glucostat. (6) Finally, we have found that the 
perfused liver converts ammonia to urea at a 
fantastic rate. We have perfused a human liver 
from a fresh cadaver and believe that such a tech- 
nique offers promise for the future treatment of 
patients with severe liver failure. 

Dr. Lloyd M. Nyhus (Seattle, Wash.). You 
have heard of experiments with the dog and the 
pig. I would like to pursue the subject of the 
calf. With the apparatus we have been using, 
which is quite similar to that which Dr. Eiseman 
described, complete isolation is established. For 
physiologic studies, we also have believed that 
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we should maintain body temperature as much 
as possible and we have taken great care to do 
so. You may remember that in our report at this 
meeting last year, we first experimented with the 
dog but were disenchanted by the marked edema, 
as Dr. McDermott has mentioned. We therefore 
began experiments with the calf. This slide shows 
a calf liver with minimal edema in the holding 
container after several hours of perfusion. We 
have been extremely careful to keep tubing and 
other parts of our apparatus sterile since we 
believed that the defects in our study of 18- or 
24-hour perfusions might have been due to bac- 
terial contamination. In the next slide, you will 
note that between 6 and 8 hours, the amount of 
accumulation remained about the same. As time 
progressed, there was a rather significant amount 
of change, but much less than we had previously 
seen with the dog liver. We believe that we have 
perfected our technique quite nicely in the calf 
and are eager to apply what we have learned in 
the calf to the dog. 

Dr. Oscar Creech, Jr. (New Orleans, La.). I 
want to ask Dr. McDermott if he has observed 
any changes in hepatic outflow with changes in 
temperature; that is, any differences with low 
temperatures and with high. 

Dr. William V. McDermott, Jr. (closing). I 
was extremely interested in the comments of Drs. 
Eiseman and Nyhus on their very intriguing work. 
There is a typographic error in the program. The 
average flow was 390 ml. per minute with a range 
of about 250 to 800. The flow usually increased 
once established as oxygenation improved and our 
average flow now runs around 600 ml. per minute 
after the first hour of perfusion. I envy Dr. Nyhus’ 
opportunity to switch to the calf from the dog. 
The supp!y of calves in New England is limited 
and we were restricted to use of the dog. I would 
be interested in knowing, if Dr. Nyhus goes back 
again to the dog, if he can overcome the outflow 
block problem. I am sure that it is possible, al- 
though it is much more difficult than in the calf. 
In answer to Dr. Creech’s comments, if the 
temperature is brought to hypothermic levels, 
there is much less difficulty with outflow block. 
However, the metabolic conditions are altered a 
great deal, as you might imagine. Oxygen con- 
sumption drops and we were interested in main- 
taining normal temperatures if possible because 
the ultimate objective of this preparation was to 
study metabolic parameters under normal con- 
ditions. 
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he coagulation of blood is obviously 
of primary concern to the surgeon but the 
intricate steps of the complicated system of 
multiple reactions between various proteins 
which result in coagulation is not part of his 
everyday working information, nor should it 
be. Some knowledge of coagulation is neces- 
sary, however, in the surgical management 
of patients with diseases of the liver and 
biliary system. These patients present certain 
problems involving blood coagulation be- 
cause the liver is involved in the synthesis 
of most of the reactants involved in the clot- 
ting process. The usual estimation of pro- 
thrombin time by the Quick one-stage 
method provides useful information, but in 
some situations has serious shortcomings. The 
reaction is not specific. A patient can have 
a nearly normal prothrombin time and still 
have hemorrhagic tendencies clinically. This 
is important in the management of patients 
who are being given anticoagulant drugs as 
well as those with liver damage. 

Owren® discovered that prothrombin, 
previously regarded as a single coagulation 
lactor, was in reality 3 substances of similar 
prothrombin, proaccelerin (factor 
V), and proconvertin (factor VII). Suitable 
laboratory methods for the determination of 
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Blood coagulation factors in liver disease 


these individual substances have been de- 
veloped. Quick verified the complex nature 
of “prothrombin” and separated it into 2 
fractions. One he called “labile factor” be- 
cause it disappeared on_ storage with 


oxalated plasma. The other, which was not. 
sensitive to storage, was called “stable 


factor.’ Additional evidence indicated that 
labile factor and factor V were the same 
and Owren’ stated, “it must be assumed that 
the labile factor of Quick is identical with 
pro-accelerin.” Semantically, a cumbersome 
group of synonyms has developed. Factor V 
is also called “labile factor,” ‘‘proaccelerin,” 
“plasma Ac globulin,’ and “plasma _pro- 
thrombin conversion factor,” whereas factor 
VII is also known as “stable factor” and 
‘“proconvertin.”” We prefer to use the terms 
“factor V” and “factor VII” (Fig. 1). 

Specific prothrombin determinations may 
also be of interest in these patients. The 
validity and specificity of this procedure is 
based on the fact that the only variable is 
the concentration of prothrombin, since fac- 
tors V and VII, as well as fibrinogen, are 
provided in optimal amounts before the 
determination is made." 


PURPOSE 


The purpose of this study was to evaluate 
the changes in various coagulation factors 
(prothrombin by the Quick one-stage meth- 
od, factor V, factor VII, and specific pro- 
thrombin) in 116 patients who had clinical 
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Factor V (labile proaccelerin) 
Antihaemophilic globulin (AHG) 
Platelet factor III 
Christmas factor (PTC-factor IX) 

Factor VII (stable proconvertin ) 

Stuart (factor X) 
Plasma thromboplastin antecedent (PTA) 


Thromboplastin 


Prothrombin ————> Thrombin 
Thrombin + Fibrinogen ——— Fibrin 


Fig. 1. Simplified blood coagulation mechanism. 


evidence of liver disease. In all patients 
laboratory determinations were also made of 
total protein, albumin-globulin ratio, biliru- 
bin, alkaline phosphatase, cholesterol, Brom- 
sulphalein retention, and thymol floccula- 
tion and turbidity. 

A variety of conditions are associated with 
hypoprothrombinemia, including obstructive 
jaundice, biliary fistula, sprue, celiac disease, 
intestinal fistula, gastrocolic fistula, intestinal 
polyposis, intestinal obstruction, postopera- 
tive gastric retention, ulcerative colitis, 
sterilization of the bowel preoperatively, 
congestive heart failure, thyrotoxicosis, 
myxedema, anemia, and severe acute infec- 
tions.*» '° The difficulties of determining the 
exact status of liver function are well known, 
but a group of patients with liver damage 
should provide a means of comparison of the 
factors which may be deficient in the hypo- 
prothrombinemic state. A study of these in- 
completely understood blood factors in the 
full range of patients with liver disease, 
therefore, might produce information of 3 
types, (1) whether or not liver damage 
existed, (2) the extent of the liver damage, 
and (3) clues to aid in differential diag- 
nosis. ‘The response to parenteral administra- 
tion of vitamin K, to these patients might 
also be of interest. 


METHODS 


The patients were divided into 5 groups 
according to the nature of the pathologic 
lesion. Group I consisted of 61 patients with 
cirrhosis of the liver, many of whom were 
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being evaluated as candidates for a survical 
portasystemic shunt (Fig. 2). Group II was 
composed of 20 patients with biliary obsiruc- 
tion. Two patients had pancreatic carcinoma 
and the remainder had choledocholithiasis as 
the obstructing lesion. Group III was made 
up of 7 patients with hepatocellular damage 
secondary to toxins or infection. Two of 
them were suspected of having arsenic in- 
toxication, 1 had sarcoid, and the remaining 
4 had hepatitis. Group IV consisted of 8 
patients in whom carcinoma of the liver, 
either primary or secondary, was the major 
hepatic disease. Group V was composed of 
20 patients in whom no definite liver disease 
was demonstrated, although the clinical 


courses were compatible with mild hepatitis 


(Fig. 3). 

After the base line coagulation and liver 
function studies had been obtained, vitamin 
K, emulsion (50 mg. of Mephyton) was ad- 
ministered intravenously and the coagulation 
studies repeated after 6 and 24 hours. It has 
been shown that coagulation factors respond 
more promptly to the natural oil-soluble vita- 
min K compounds than to synthetic water- 
soluble preparations.'° Mephyton is a 1 per 
cent lecithin solution of natural vitamin K,. 

Coagulation factors were determined by 
the Quick’ one-stage prothrombin time test, 
Owren’s‘ method for specific prothrombin 
determination, Wolf’s'? modification of 
Stefanini’s method for estimation of factor 
V, and F. Koller’s? procedure for factor VII 
determination. 

Experimental groups. Two groups of dogs 
were studied. Group I consisted of 10 dogs 
with experimental carbon _ tetrachloride- 
induced cirrhosis in the laboratory of Dr. 
Bernard Fisher at the University of Pitts- 
burgh. Blood samples for the coagulation 
studies were obtained before and after the 
intravenous administration of vitamin Ky: 
emulsion, 50 mg. Group II was made up of 
10 mongrel dogs in which the common bile 
duct was ligated under intravenous Nembutal 
anesthesia. Serum bilirubin, transaminase, 
phosphatase, and the coagulation factors 
were checked twice a week for an average 


period of 2 weeks. 
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RESULTS 


Evaluation of individual coagulation 
factors. Quick one-stage prothrombin test 
(Q. O. S.) is the standard laboratory method 
for the “routine prothrombin determina- 
tion.” Of the 116 patients, 28 (24.1 per 
cent) had abnormal values. Patients in all 
groups were considered to have an abnormal 
value if the result was 70 per cent of nor- 
mal or lower. This test was second only to 
that for factor VII in the degree of sensi- 
tivity to liver damage. 

Specific prothrombin determination, based 
primarily on the concentration of pro- 
thrombin, was not as sensitive as the stand- 
ard Quick one-stage method for determina- 
tion of prothrombin, since only 22 (19 per 
cent) of the 116 patients showed abnormal 
levels. 

Factor V appeared to be the least sensitive 
of all and only 14 (12 per cent) of the 116 
patients had an abnormal deficiency. All but 
2 of these were patients with cirrhosis, the 
exceptions being 1 from the obstructive 
jaundice group and 1 from miscellaneous 
groups. 

Factor VII was the most sensitive of all 
factors studied; 38 (32.8 per cent) of the 
116 patients showed an abnormality of this 
factor. It was especially sensitive in the pa- 
tients in the group with cirrhosis; 26 (42.5 
per cent) of the 61 patients with cirrhosis 
had abnormal levels. To a lesser degree this 
was true in patients with obstructive jaun- 
dice, since 25 per cent had subnormal levels. 
This is shown graphically in Figs. 4 and 5. 
All patients in each of these groups were 
placed in order of ascending factor VII 
levels and the other factors for the individual 
patients were plotted against the factor VII 
line. This shows that factor VII levels were 
consistently lower than those of the other 
factors. In the cirrhotic group, only patients 
with an albumin level of less than 3 Gm. per 
cent and/or a Bromsulphalein retention 
of greater than 10 per cent were selected 
and in the biliary obstruction group only 
patients with a bilirubin of greater than 1 
mg. per cent are represented on the illustra- 
tions. Table I shows the percentage of 
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Table I. Percentage of patients with 
abnormal findings 


Specific 
Quick | Factor| pro- | Factor 
test VII |\thrombin V 
(%) (%) (%) (%) 
24.1 32.8 19.0 12.0 


Over-all series 


Cirrhosis 27.8 42.5 18.0 19.7 
Obstruction 25.0 25.0 15.0 5.0 
Hepatocellular 
disease 14.3 28.6 28.6 0 
Carcinoma 12.5 25.0 37.5 0 
Miscellaneous 20.0 15.0 15.0 5.0 
CIRRHOSIS 
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Fig. 2. Coagulation factors of patients with cir- 
rhosis. 
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Fig. 3. Coagulation factors of patients with ob- 
structive jaundice, hepatocellular damage, car- 
cinoma, and miscellaneous liver disease. 
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group. 

Results of vitamin K, stimulation. All 
patients who had obstructive jaundice and 
low coagulation factors responded _ to 
vitamin K, emulsion by increasing the titer 
of the individual deficient factors. None of 
the patients in this group showed any pro- 
gressive decline in blood factors after being 
given vitamin K,. Patients with cirrhosis fell 
into 2 groups according to the effect of 
vitamin K,. Nine patients had an increase 
in coagulation factors, whereas 5 patients 
showed a progressive decline of these factors 
in spite of vitamin K, stimulation. In the 
latter group, the degree of hepatic damage 
apparently had progressed to a degree that 
the liver was unable to synthesize the de- 
ficient factors (Fig. 6). 

In the experimental studies of the 10 dogs 
with carbon tetrachloride—induced cirrhosis, 
2 had depressed factors in the abnormal 
range and were refractory to vitamin K, 
stimulation. The rest of the dogs did not 
achieve liver damage of a degree sufficient 
to elicit a decline in coagulation factors. 
Most values remained at 100 per cent. Five 
of the 10 dogs which had ligation and 
division of the common bile duct developed 
a coagulation factor deficit and all responded 
in a positive manner to vitamin K,. 


COMMENT 


For the normal synthesis of prothrombin 
several conditions are necessary, a sufficient 
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supply of vitamin K, (extrinsic from the diet 
and intrinsic via intestinal bacteria), the 
presence of bile salts in the intestine for the 
absorption of vitamin K,, and enough healthy 
liver cells to produce sufficient enzymatic 
activity to synthesize prothrombin. The rela- 
tionship of vitamin K, to the formation of 
prothrombin is not clear. Apparently it does 
not enter into the construction of the mole- 
cule of prothrombin, but is essential to its 
synthesis.1° The same is probably true for 
factor VII. Factor V, which is also manu- 
factured by the liver, is less dependent on 
vitamin K, and, in fact, may be completely 
independent of a vitamin K, influence.° 
From the pathophysiologic standpoint, low 
values of coagulation factors are basically 
due to 2 factors, the inability to absorb 


vitamin K, because of the unavailability of | 


bile salts (biliary obstruction) and decreased 
hepatic function (cirrhosis, hepatitis, and so 
forth). If this is true, patients and dogs with 
biliary obstruction should respond to paren- 
terally given vitamin K, by forming new 
coagulation factors and should show a rise in 
titer in prothrombin, factor V, and factor 
VII. Patients and animals with damaged 
livers would not show this response, This 
was borne out in both animal and patient 
studies, and factor VII was unusually sensi- 
tive in this regard. 

A reliable method for the estimation of 
hepatocellular function would be of great 
value in differential diagnosis as well as 
providing information relative to operability 
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Fig. 4. Patients with cirrhosis arranged in ascending order of factor VII 
values. 
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of patients with liver disease. Sjostrom® has 
shown that patients of this type are more 
sensitive to Warfarin than normal control 
patients and has postulated the use of this 
test in patient evaluation. However, this 
would mean partial anticoagulation in a 
patient prior to operation. Esophageal varices 
would be a contraindication for this test. 
Since the majority of these surgical patients 
are given vitamin K, preoperatively for 
therapeutic reasons, the concomitant meas- 
urement of the coagulation factors previously 
described adds information of diagnostic im- 
portance. 

The response to vitamin K, infusion ap- 
pears to be of greater usefulness in the dif- 
ferentiation between hepatocellular damage 
and biliary obstruction when the _ blood 
coagulation factors are studied individually 
instead of by the one-stage Quick pro- 
thrombin determination. 


CONCLUSIONS 


An effort has been made to bring informa- 
tion on blood coagulation which has been 
developed largely in the laboratory into the 
field of clinical surgery. Interest in the rela- 
tionship between liver disease and blood 
coagulation is not new.® Through newer 
laboratory methods, however, refinements 
in our knowledge can be made. In a series 
of 116 patients with clinical evidence of 
liver disease, determinations of various 
coagulation factors (Quick one-stage pro- 
thrombin, specific prothrombin, factor V, 
and factor VII tests) were performed as 
well as a battery of liver function tests. The 
results indicate that of the newer factors 
studied, factor VII is unusually sensitive to 
liver damage and provides more information 
in this regard than the standard or 
“routine” prothrombin test by the Quick 
one-stage method. This is especially evident 
in patients with cirrhosis. Factor V and 
specific prothrombin tests are probably not 
as sensitive as the Quick one-stage prothrom- 
bin test; however, they might provide addi- 
tional information in the evaluation of the 
individual patient.s The response to  in- 
travenously administered vitamin K, emul- 
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Fig. 5. Patients with obstructive jaundice ar- 
ranged in ascending order of factor VII values. 


BEFORE 
BILIARY OBSTRUCTION AFTER 


| CASE | 
J 


CIRRHOSIS — (NEGATIVE RESONSE) — 


100 CIRRHOSIS — (POSITIVE RESPONSE) 


Fig. 6. Response of blood factors to vitamin K, 
in patients. 


PERCENT 


sion in the differentiation between hepato- 
cellular damage and biliary obstruction is 
clearer when the individual factors are de- 
termined than when only the Quick one- 
stage prothrombin test is used. 
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DISCUSSION 


Dr. Grossi (New York, N. Y.). I want to com- 
pliment the authors on a very interesting paper. 
In the past year, Dr. Rousselot, Dr. Moreno, and 
I, at St. Vincent’s Hospital of the City of New 
York, have been studying coagulation defects in 80 
patients with cirrhosis. Although defects in pro- 
thrombin were found by the Quick method, the 
greatest defect was found in factor VII and spon- 
taneous fibrinolytic activity. In 30 patients studied 
during portacaval shunts, administration of 
vitamin K, did not affect factor VII, while Quick 
time and factor V did respond. In our series, 40 
per cent of cirrhotic patients had spontaneous 
euglobulin fibrinolytic activity and 17 per cent 
had whole-clot lysis. An inhibitor of fibrinolysin, 
€-aminocaproic acid, has been used in these pa- 
tients. When 2 Gm. of €-aminocaproic acid was 
given intravenously, there was inhibition of 
euglobulin fibrinolytic activity and whole-clot lysis 
for 4 to 6 hours. These coagulation defects are not 
considered significant in the production of the 
abrupt bleeding from varices in which powerful 
hemodynamic forces are the responsible factors. 

Dr. William G. Anlyan (closing). I thank Dr. 
Grossi for his comments. Most of our patients 
with cirrhosis were also being evaluated for 
portasystemic shunts. 
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t is now a well-established fact that 
gastric hypersecretion develops after porta- 
caval shunt in dogs.* 7% ?% Although 
many of the characteristics of such hyper- 
secretion have been defined and _ several 
plausible etiologic factors already elimi- 
nated,” the true mechanism _re- 
sponsible for this phenomenon remains un- 
clear. The possible role of histamine as the 
final common stimulator of the parietal cells 
of the stomach*® suggested the evaluation of 
its importance in the causation of gastric 
hypersecretion after portacaval shunts. 
Various investigators have reported a 
variety of findings consistent with the hy- 
pothesis that histamine is released into the 
portal circulation by feeding and that hepatic 
bypass of histamine-containing portal blood 
may be responsible for hypersecretion after 
portacaval shunts. In 1953, Anrep and as- 
sociates,' utilizing a bioassay method for de- 
termination of histamine, noted that portal 
venous blood uniformly contained greater 
quantities of this substance than did hepatic 
venous or peripheral arterial blood. The 
observation by Updike and colleagues** and 
Irvine and Code"? that the levels of free 
histamine in the urine of normal dogs were 
markedly elevated after a protein meal, but 


Supported by United States Public Health Service Grant 
A-2934 (now A-4889). 


Read at the Twenty-second Annual Meeting of the So- 
ciety of University Surgeons, Kansas City, Kan., Feb. 
9-11, 1961. 


*Present address: University of California Medical Cen- 
ter, San Francisco, Calif. 


resent address: University of Kentucky Medical Cen- 
ter, Lexington, Ky. 


Evidence for histamine as the agent 


responsible for gastric 
hypersecretion after 


portacaval shunt 


not after a meal of bread and milk, was 
strikingly reminiscent of our own finding that 
the gastric hypersecretion after portacaval 
shunt was most marked after protein in- 
gestion.** Schayer and Ivy?" found that after 
administration of C'*-labeled histidine and 
an antihistaminase (aminoguanidine) to rats, 
much greater quantities of C’*-labeled hista- 
mine were found in the urine after feeding 
than in the starved animal. The same in- 
vestigators later observed that after the sub- 
cutaneous injection of C'-labeled histidine, 
the ingestion of food caused a 35 and 52 
per cent decrease, respectively, in the amount 
of C'-labeled histamine of the small in- 
testine and stomach when compared with 
the findings in fasting animals.** Schayer and 
Ivy concluded from these experiments that 
histamine definitely was released from the 
stomach and small intestine by feeding. 

In 1955, Livingston and Code" reported 
that injection of histamine via the portal 
vein reduced the amount recovered in the 
urine. Silen and Eiseman** showed that 
secretion from canine Heidenhain pouches 
was much greater when histamine was given 
systemically than when it was given as an 
intraportal infusion at the same rate and 
concentration. The suggestion was made that 
the liver could inactivate the gastric secre- 
tory properties of histamine and that the 
hepatic bypass of histamine-containing portal 
blood might be the mechanism responsible 
for gastric hypersecretion after portacaval 
shunts. Irvine and his group'* made similar 
observations and reached the same con- 


P 
. 
213 


214 Silen and Eiseman 


clusions. The findings of Lebedinskaja'® and 
Gerez and Weiss"! that the pepsin content 
of the gastric juice falls while the volume and 
acidity increase after portacaval shunt are 
consistent with this hypothesis, since exoge- 
nously-administered histamine causes similar 
changes in gastric secretion. 

The development of more sensitive tech- 
niques for the estimation of the extremely 
small quantities of histamine in plasma has 
made it possible to investigate the importance 
of this substance as a physiologic stimulant 
of gastric secretion. 


METHODS 


Studies in normal dogs. The response of 
peripheral arterial plasma histamine levels 
to the ingestion of a standard protein meal 
has been studied 25 times in 18 normal dogs. 
The test meal consisted of 2 cans of a com- 
mercial dog food (Pard), which contains 
11.0 per cent protein and 4.5 per cent fat. 
The meal was consumed over a 5- to 10- 
minute period. Samples of blood for plasma 
histamine analysis were obtained from the 
femoral artery before and 90, 180, and 360 
minutes after completion of the test meal. 
Arterial rather than venous blood was 
utilized because it represents blood similar 
to that presented to the stomach via its 
arterial circulation, and because is 
probable that most histamine is lost during 
a single circuit through the tissues.° 

Studies in dogs with portacaval trans- 
position. Eight normal dogs utilized in the 
previous study and an additional 4 dogs were 
subjected to portacaval transposition as de- 
scribed by Child and associates.” After a 
suitable recovery period, the response of the 
peripheral arterial plasma histamine levels 
to the test meal of Pard was studied 23 times 
in the manner described. Heidenhain 
pouches were prepared in 6 of the 12 dogs, 
and in these animals pouch secretions were 
collected at 30-minute intervals after  in- 
gestion of the test meal during the per- 
formance of the histamine tests. ‘The volume 
of each 30-minute specimen was measured 
and the free acid determined by titration 
with 0.1 N sodium hydroxide solution. 
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Comparison of the plasma histamine con- 
tent of portal venous versus hepatic venous 
or femoral arterial blood. These studies were 
carried out to determine whether portal 
venous blood plasma contained consistently 
greater quantities of histamine than either 
hepatic venous or femoral arterial blood. In 
9 unanesthetized dogs, the plasma histamine 
content of portal venous and either hepatic 
venous or femoral arterial blood was de- 
termined before and at 90-minute intervals 
after the protein test meal. The tests ex- 
tended over a 6-hour period. A total of 15 
experiments were performed with either 
indwelling polyethylene catheters or London 
cannulae for simultaneous sampling of portal 
and hepatic venous blood. In 9 experiments, 
the plasma histamine content of portal blood 
was compared with that of hepatic venous 
blood, whereas in 6 experiments femoral 
arterial blood was obtained for comparison 
with portal blood. 

Determination of the histamine content 
of the plasma. The method of Lowry and 
co-workers'* was used for all determinations 
of the histamine content of the plasma. This 
method, as outlined by the authors, consists 
of 5 main steps, (1) extraction of the hista- 
mine from the plasma with trichloracetic 
acid, (2) concentration of histamine and 
separation from many other amines by ad- 
sorpiion on Decalso, (3) formation of the 
colored derivative of histamine with dinitro- 
fluorobenzene (DNFB), (4) further con- 
centration and separation of this derivative 
from DNFB derivatives of remaining amines 
by extraction into methyl-n-hexylketone, fol- 
lowed by extraction into hydrochloric acid, 
and (5) measurement of the color in micro- 
cuvettes at 360 mu. 

Recovery of known amounts of histamine 
is remarkably constant at 75 to 80 per cent 
in our work as reported by Lowry and his 
group. Because of the constancy of the re- 


covery, measurement of changes in hista- 
mine is valid. Standards were carried 
through the entire process with each set of 
tests, thus correcting for the incomplete re- 
covery. Duplicate determinations were made 
on each sample of plasma with a 7 per cent 
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variation. The mean value of duplicate de- 
terminations is reported in each instance. 
It is to be stressed that the dangers of posi- 
tive error from the release of leukocytic 
histamine are great, since histamine is 2,000 
times as concentrated in the leukocytes as in 
the plasma. All samples of blood were drawn 
extremely carefully into cold siliconized 
syringes and the plasma was _ separated 
quickly in a refrigerated centrifuge. He- 
molysis was used as an indication of exces- 
sive trauma to the cellular elements of the 
blood. Lowry and associates have shown that 
this method is quite specific for histamine in 
that only 1.7 wg. per liter of apparent hista- 
mine in the plasma is not destroyed by hista- 
minase. The accuracy of the method of 
histamine determination was further tested 
at intervals by (1) ascertaining the pro- 
portionality of spectrophotometer readings 
and varying known amounts of histamine 
and (2) by the addition of known amounts 
of histamine to samples either before or after 
adsorption on the Decalso. 


RESULTS 


Studies in normal dogs. The histamine 
content of the plasma rose in each of the 
25 tests after the test meal. The peak usually 
occurred 180 minutes after the meal but on 
a few occasions took place at 90 minutes. 
The mean fasting level of plasma histamine 
in the femoral artery blood was 14.5 + 0.99 
ug. per liter. The mean peak level of plasma 
histamine after ingestion of the test meal was 
23.9 + 2.6 wg. per liter (Fig. 1). The differ- 
ence between these two values is highly 
significant (p = <0.01). This constitutes 
a 65 per cent mean rise in arterial plasma 
histamine level after feeding of the test 
meal. 

Studies in dogs with portacaval trans- 
Position. In each of the 23 tests in these 12 
dogs, a rise in arterial plasma _ histamine 
level was demonstrated. The peak occurred 
180 minutes after the test meal in almost 
every instance. The mean fasting level and 
the mean peak level of plasma _ histamine 
after the test meal were 11.3 + 0.79 and 33.6 
*7.7 ». per liter, respectively (Fig. 1). The 
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difference between these two values is highly 
significant (p = < 0.01) and represents a 
mean rise of 197 per cent. The difference be- 
tween the rises in plasma histamine levels 
above fasting values after feeding in the 
normal and in the dogs with transposition is 
suggestive but not statistically significant 
(p = 0.1). It is interesting to note that the 
fasting values of plasma histamine in dogs 
with portacaval transposition were slightly 
lower than those in normal dogs. 

In the 8 dogs which underwent tests both 
before and after portacaval transposition 
there was no statistical difference between 
fasting levels of plasma histamine before 
and after the shunt. The peak values of 
plasma histamine after ingestion of the test 
meal were considerably greater after porta- 
caval transposition in 5 of the 8 dogs (Fig. 
2) and were approximately the same in 3 
dogs. Whether or not more _ frequent 
sampling of blood would have detected dif- 
ferences in the latter 3 dogs remains con- 
jectural. This was not carried out because 
of the large volumes of blood necessary for 
these determinations. 

In the 6 animals in which secretion from 
a Heidenhain pouch was determined simul- 
taneously with histamine determinations 
after the test meal, the pouch secretions 
usually reached a peak slightly before the 
peak value in plasma histamine levels was 
noted (Fig. 3). Because the pouch secretion 
achieved after such a test meal represents 


MEAN MEAN PEAK MEAN MEAN PEAK 
FASTING 180 MINUTES FASTING 180 MINUTES 
L POST- PRANDIALLY LEVEL POST - PRANDIALLY 


t STANDARD ERROR 


Fig. 1. Mean fasting and mean peak postprandial 
peripheral arterial plasma histamine levels in 
normal dogs (25 tests) and in dogs with porta- 
caval transposition (23 tests). 
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Fig. 2. Representative response of peripheral 
arterial plasma histamine level to protein test 
meal in the same animal before and after porta- 
caval transposition. Five of the 8 dogs studied in 
this manner had similar responses, whereas no 
differences between pre- and postshunt tests were 
noted in the remaining 3 animals. 


the sum of a variety of stimuli, it is difficult 
to correlate the rises in plasma histamine 
levels with the changes in pouch secretion. 
The early peak in secretion may well repre- 
sent antral phase secretion. The later high 
rate of secretion of gastric juice still present 
when the histamine levels of the plasma are 
highest may represent intestinal phase secre- 
tion, especially since previous observations 
by us and many others* ** ** point to ac- 
centuation of the intestinal phase as most 
important in the hypersecretion after porta- 
caval shunt. 

Comparison of the plasma histamine con- 
tent of portal venous versus hepatic venous 
or femoral arterial blood plasma. The hista- 
mine content of portal venous blood plasma 
rose to much higher levels than that of 
hepatic venous or femoral artery blood in 
every instance after the test meal (Fig. 4). 
The mean fasting level of portal plasma 
histamine was 11.9 + 1.5 wg per liter and the 
mean peak level after the meal was 31.6 + 
7.0 wg. per liter. The corresponding values 
for the hepatic vein or femoral artery 
samples were 12.0 + 1.3 and 16.0 + 1.8 pg. 
per liter, respectively. The difference between 
the rises in plasma histamine levels of portal 
venous versus hepatic venous or femoral 
arterial blood after the test meal was statisti- 
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cally significant (p = < 0.03 and > 0.02), 
The fasting levels of plasma histamine found 
in the portal blood did not differ significantly 
from those in the hepatic vein or femoral 
artery blood. The peak levels of histamine 
invariably were reached at 180 minutes after 
the meal in all specimens. Responses were 
similar whether hepatic venous or femoral 


arterial blood was compared with portal 
blood. 


COMMENT 


Our data show that in both normal dogs 


and in dogs with portacaval transposition, a 


highly significant rise in arterial plasma 
histamine level occurs after a protein -test 
meal. Although the mean rise in histamine 
level after feeding in the dogs with porta- 
caval transposition was 197 per cent as op- 
posed to only. a 65 per cent rise in the 
normal dogs, these differences are only sug- 
gestive and are of borderline statistical 
significance. The greater rise in the arterial 
plasma histamine level evoked by the test 
meal after shunt in the majority of the dogs 
studied both before and after portacaval 
transposition lends greater importance to the 
observed differences, however. The most sig- 
nificant data which corroborate the thesis 
that histamine is released into portal blood 
after feeding are those which show the 
striking differences between the histamine 
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Fig. 3. Comparison of response of Heidenhain 
pouch secretion and peripheral arterial plasma 
histamine level to test meal after portacaval 
transposition. 
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Fig. 4. Representative response of plasma _hista- 
mine level in portal and hepatic venous blood to 
test meal in a normal dog. 


PLASMA HISTAMINE 


content of the portal and hepatic venous or 
femoral arterial blood. ‘Thus, in the presence 
of a portacaval shunt, large amounts of hista- 
mine-containing portal blood are shunted 
into the systemic circulation and are de- 
livered to the stomach without being ex- 
posed to inactivation by the liver during the 
first circuit. The previous demonstration 
that the liver largely inactivates the gastric 
secretory activity of histamine** strengthens 
the validity of this hypothesis. Our finding 
that the peak values of the histamine con- 
tent of the plasma occur 3 hours after in- 
gestion of the test meal is consistent with 
the contention that the gastric hyper- 
secretion after portacaval shunt is an ac- 
centuation of the intestinal phase of gastric 
secretion.* 14) 25 

It is not very surprising that the fasting 
levels of plasma histamine do not differ 
significantly in the normal dogs or dogs with 
transposition, despite the fact that previous 
studies showed that the fasting pouch secre- 
tion rises after portacaval shunting.** The 
amounts of histamine released into the 
portal circulation may be so small during 
fasting that they are undetectable by present 
methods. Such minute quantities could pro- 
vide sufficient potentiation of vagal and 
antra! stimuli to account for the rises in fast- 
ing s-cretion as well as the slightly increased 
gastric secretory response to carbohydrate 
and after portacaval transposition.?* This 
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explanation is supported by the studies of 
Obrink,”” who showed that there is probably 
no threshold value for the effect of histamine 
on gastric secretion and that the slightest 
amount of histamine given intravenously 
by continuous injection will initiate secretion. 

The studies reported demonstrate clearly 
that histamine is released into portal blood 
after protein ingestion in dogs. However, a 
considerable volume of conflicting evidence 
appears in the literature as to the presence or 
absence of histamine in the blood during 
periods of gastric secretion. Koskowski’s'® 
report in 1933 alone contends that smooth- 
muscle reacting substances are increased in 
the blood during digestion in both man and 
dogs. These experiments have been criti- 
cized as being poorly controlled, and the 
possibility has been suggested that smooth- 
muscle reacting substances other than hista- 
mine may have caused the observed changes.” 
On the other hand, MacIntosh’? was unable 
to demonstrate a rise in the histamine con- 
tent of whole arterial blood after feeding. 
One milligram of histamine, estimated by 
MacIntosh as producing a peak rate of 
gastric secretion equivalent to that which 
occurs after a meat meal, caused only doubt- 
ful rises in blood histamine levels. Emmelin 
and associates* and Emmelin and Kahlson® 
and others showed that no rise in histamine 
content of the arterial blood plasma could 
be observed while gastric secretion was 
elicited by the intravenous administration of 
histamine. When large doses of histamine 
exceeding the amount necessary for maximal 
gastric secretion are given, rises in histamine 
content in the plasma are detected and are 
related in a linear fashion to the dosage of 
this agent.* 

Several factors may be responsible for 
these paradoxical findings. It is important 
to recognize that the bioassay method of 
histamine determination utilized in all of the 
cited studies is scarcely sensitive enough to 
detect accurately the very small amounts of 
histamine in plasma. Bioassay also has the 
inherent drawback of requiring the extracts 
used to be free of all substances which can 
stimulate or inhibit the contraction of the 
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smooth muscle. In addition, the studies by 
MacIntosh’? with this method of histamine 
determination were performed on whole 
blood and changes in the histamine content 
of the plasma might easily have been masked 
by the relatively large amount of histamine 
in the leukocytes. Furthermore, it is highly 
probable that histamine is metabolized ex- 
tremely rapidly and is greatly diluted in the 
blood after its release. These factors also 
contribute to the difficulty in its detection. 
We believe that these considerations tend to 
negate the fact that MacIntosh’? was un- 
able to find changes in whole-blood hista- 
mine after feeding and that the other in- 
vestigators cited*® could not detect 
changes in plasma histamine when histamine 
was administered intravenously in dose 
ranges sufficient to stimulate gastric secre- 
tion submaximally. 

Although our experiments and those of 
Irvine and associates'® suggest that the 
histamine in portal blood may arise from 
exogenous sources, such as ingested protein, 
the exact origin of the histamine is not 
known. The importance of endogenous 
sources of histamine and the factors con- 
trolling its release into the portal blood re- 
main to be determined. 


SUMMARY 


1. A statistically highly significant rise in 
the plasma histamine content of peripheral 
arterial blood occurs after protein ingestion 
in both normal dogs and in dogs with porta- 
caval transposition, with a somewhat greater 
rise in the latter group. 

2. Plasma histamine levels of portal blood 
rise to consistently higher values than do 
those of hepatic venous or femoral arterial 
blood in normal dogs after protein ingestion. 

3. Hepatic bypass of histamine-containing 
portal blood may well be the cause for 
gastric hypersecretion after portacaval shunt, 
especially that which occurs after protein 
ingestion. 
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Experimental ascites. I]. The effects 


of portacaval shunts 
on ascites produced 
with an internal vena 


cava cannula 


onsiderable recent evidence indicates 
that hepatic venous outflow obstruction plays 
a major role in the pathogenesis of ascites 
associated with liver disease. The anatomic 
studies of corrosion casts of human livers by 
Madden and associates’ and the investigation 
of volume changes in the hepatic vascular 
bed by Welch and associates'* have demon- 
strated that in cirrhosis with ascites there is 
a striking diminution in the size of the 
hepatic venous outflow tract. Also, histologic 
studies by Madden and associates clearly 
showed obstruction of the hepatic veins with- 
in the liver in patients with ascites. 
Recognition of the importance of “‘out- 
flow block” in cirrhotic ascites has led to at- 
tempts to decompress the liver by a number 
of different surgical techniques. In general 
these have consisted of operations aimed at 
reducing the inflow of blood to the liver, such 
as the end-to-side portacaval shunt and liga- 
tion of the hepatic artery and its branches 
and, more recently, procedures directed at 
reducing the inflow to and improving the 
outflow from the liver, such as the portacaval 
H graft of Theron and Allen,"' the side-to- 
side portacaval shunt employed by Welch 
and associates,'* and the double portacaval 
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shunt of McDermott." The rationale of the 
latter operations is based on evidence that 
retrograde flow of blood may occur in the 
valveless portal vein which therefore is ca- 
pable of functioning as an outflow tract when 
there is obstruction within the liver.* * * '° 

In a separate communication,* a method 
is described for the production of massive 
ascites in dogs by insertion of a_ polyvinyl 
cannula into the inferior vena cava at the 
level of entrance of the hepatic veins. This 
technique, originated by Kling and Allen,’ 
results in gradual selective occlusion of the 
hepatic veins without production of an eleva- 
tion of pressure in the inferior vena cava. The 
development of such a method has made it 
possible to investigate the effects of portal- 
systemic shunting procedures on ascites re- 
sulting from hepatic venous outflow obstruc- 
tion. The present investigation was under- 
taken to experimentally establish a basis for 
the clinical use of these procedures. 


METHODS 


Operation. The method used to produce 
ascites is described in detail in a separate 
communication from this laboratory.* Briefly, 
it consisted of insertion of a polyvinyl can- 
nula* into the abdominal inferior vena cava 
and positioning of it at the level of entrance 
of the hepatic veins where it was anchored 


*Natvar ‘‘400°? tubing made by Natvar Corporation, 
Woodbridge, N. J., and supplied by Electrical Specialty 
Co., Denver, Colo. 
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Number 1 


to the vessel wall (Fig. 1). The cannula 


-measured 3 to 3.5 inches in length, 0.025 


inch in wall thickness, and varied in outer 
diameter from 0.375 to 0.438 inch. The 
tubes were siliconized on the internal surface 
but the external surface was not altered. All 
operations were performed with sterile 
technique through a right thoracoabdominal 
incision under intravenous pentobarbital 
sodium anesthesia. Heparin in a dose of 1 
to 1.5 mg. per kilogram of body weight was 
administered intravenously prior to insertion 
of the cannula. The dogs received 5 per cent 
dextrose in water intravenously in a dose of 
30 to 50 ml. per kilogram of body weight 
during the operation, and postoperatively 
were offered food and water ad libitum. All 
animals were given procaine penicillin intra- 
muscularly in a daily dose of 600,000 U. on 
the day of operation and for 3 days post- 
operatively. 

Ninety healthy adult male and female 
mongrel dogs varying in weight from 19 to 
28 kilograms were used as subjects and were 
divided into 3 groups (Fig. 2). Group I con- 
sisted of 47 control animals which were sub- 
jected to insertion of the internal vena cava 
cannula alone. These dogs are described 
in detail in a separate report.* Group II was 
made up of 33 animals in which insertion 
of the cannula was combined with a side-to- 
side portacaval shunt (Fig. 3). The shunt 
was created immediately after insertion of 
the prosthesis. The opening in the abdominal 
inferior vena cava through which the pros- 
thesis was introduced was used for the anas- 
tomosis, which measured 3 to 3.5 cm. in 
length. An elipse of vessel wall was removed 
from both the vena cava and portal vein in 
order to insure a wide connection and 2 
continuous sutures of No. 5-0 vascular silk 
were employed to perform the anastomosis. 
Group III consisted of 10 dogs in which in- 
sertion of the cannula was combined with an 
end-to-side portacaval shunt (Fig. 3). As in 
Group II, the shunt was performed after 
insertion of the cannula. An elipse of vena 
cava wall was excised, and the end of the 
portal vein was beveled in order to create 
a large anastomosis which was accomplished 
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with 2 continuous sutures of No. 5-0 vascular 
silk. The portal vein was ligated on the 
splanchnic side of the bifurcation. 

In 3 animals in Group II, the side-to-side 
shunt was taken down several months after 
its construction. This was performed through 
a long transverse subcostal incision on the 
right side. The anastomosis was _ simply 
divided between vascular clamps and _ the 
separated vessels were individually recon- 
structed with continuous No. 5-0 vascular 
silk sutures. 


Fig. 1. Polyvinyl cannula in place in the inferior 
vena cava opposite the orifices of the hepatic 
veins. The reactive polyvinyl chloride produces 
gradual occlusion of the hepatic veins with re- 
sultant hepatic venous outflow obstruction and 
ascites. 


GROUP GRouP II GRouP I 
CONTROL SIDE-TO-SIDE END-TO-SIDE 
47 DOGS 33 D0GS 10 DOGS 
4 SURVIVORS 10 SURVIVORS SSuRVIVORS 


Fig. 2. The 3 groups of dogs involved in this 
study. Thirty-two of the 90 animals were long- 
term survivors. 
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SIDE-TO-SIDE 


Fig. 3. The types of portacaval shunts which were 
studied. In Group II, insertion of the vena cava 
cannula was combined with a side-to-side porta- 
caval shunt and in Group III insertion of the 
cannula was combined with an end-to-side porta- 
caval shunt. 


Pressures. Pressures in the abdominal in- 
ferior vena cava and portal vein were de- 
termined by needle puncture at the start of 
the operation and again after insertion of 
the cannula and completion of the shunt. A 
spinal manometer filled with a heparin and 
saline solution was employed and the base 
line of reference was the level of the vein 
in which the pressure was being measured. 
Pressure determinations were repeated in 
several animals in Groups I and II some 
months after operation. 

Angiograms. Angiography of the inferior 
vena cava was performed 3 weeks to 10 
months postoperatively in most animals 
which survived for more than 2 weeks. This 
was accomplished under light intravenous 
pentobarbital anesthesia with 70 per cent 
Urokon in a dose of 25 ml. which was in- 
jected rapidly through a vena cava catheter 
positioned just superior to the orifices of the 
renal veins. Eight roentgenograms were ob- 
tained serially at 1-second intervals. 

Paracentesis. All animals were subjected 
to abdominal paracentesis when ascites was 
first apparent clinically, and intermittently 
thereafter. Paracentesis was performed with 
a large trocar under local anesthesia from a 
position underneath a special table which 
contained an opening through which the 
dog’s abdomen protruded. 

Autopsies. All animals which did not die 
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were eventually sacrificed. The viscera were 
studied grossly, with particular attention 
given to the liver, portal vein, and vena cava. 
Patency of the cannulae and of the poria- 
caval shunts was carefully ascertained. The 
liver was examined microscopically. 


RESULTS 


Mortality rate. 

Long-term survival. Fourteen of 47 control 
animals (30 per cent), 10 of 33 dogs with 
side-to-side protacaval shunts (30 per cent), 
and 8 of 10 dogs with end-to-side portacaval 
shunts (80 per cent) were considered long- 
term survivors in that they were alive for a 
sufficient length of time to have developed 
ascites if it were going to occur. 

Early death. Fifty-eight animals died within 
2 weeks of operation. The majority of these 
(71 per cent) died within 48 hours post- 
operatively from what was believed to be 
acute hepatic congestion resulting from a 
tight-fitting cannula which produced sud- 
den occlusion of the hepatic veins. Eight dogs 
died from incidental complications such as 
pneumonia and wound infections, 1 dog was 
lost, and the cause of death could not be 
determined in the remaining 8 animals. 

Pressures. Table I shows the changes in 
pressure in the inferior vena cava and portal 
vein which occurred after insertion of the 
cannula and completion of the shunt. In all 
but 1 of the 47 control dogs in Group I there 
was a fall in vena cava pressure, presumably 
due to obstruction to the entrance into the 
vena cava of hepatic venous blood. At the 
same time, there was a rise in portal venous 
pressure in 38 of the 47 control animals (81 
per cent), believed to have resulted from 
hepatic venous outflow obstruction with back 
pressure on the portal system. 

In Group II, 28 of the 33 animals (85 per 
cent) with side-to-side shunts had an in- 
crease in vena cava pressure, presumably as 
a consequence of shunting of splanchnic 
blood. into the vena cava and perhaps, in 
addition, due to the passage of hepatic blood 
by retrograde portal flow into the systemic 
circulation. Four animals showed no change 
in vena cava pressure and in 1 there was 
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a slight fall. Thirty of the 33 dogs (91 per 
cent) experienced a fall in portal venous 
pressure due to decompression of the 
splanchnic bed into the lower pressure vena 
cava. 

All 10 animals with end-to-side shunts in 
Group III had a rise in vena cava pressure 
due to shunting of the relatively high- 
pressure portal system into the low-pressure 
caval system. After insertion of the cannula 
and ligation of the portal vein, but prior 
to performance of the shunt, portal pressure 
on the splanchnic side of the ligature was 
increased in all animals. Of greater interest, 
portal pressure on the hepatic side of the 
ligature after insertion of the cannula was 
increased in 70 per cent of the dogs (mean 
of 2.5 cm. saline) and in the remaining 30 
per cent decreased only slightly (mean of 2 
cm. saline). In no instance did the portal 
pressure on the hepatic side of the occlusion 
fall markedly as might be expected in a 
vessel without branches or retrograde flow. 

In 4 control dogs and 5 animals with side- 
to-side shunts, determinations of pressures 
by direct needle puncture were repeated 
1 to 9 months after operation (Table II and 
Fig. 4). Two animals in each group had 
patent cannulae while the remaining 5 dogs 
had occluded cannulae. The portal venous 


Table I. Pressures in abdominal inferior vena cava and portal vein immediately 
before and after insertion of cannula and performance of portacaval shunt 
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pressure increased markedly to hypertensive 
levels in all control animals as a result of 
progressive outflow block, while the vena 
cava pressure did not change significantly in 
the dogs with patent prostheses and increased 
only slightly in those with blocked cannulae. 
The failure to develop a marked increase in 
vena cava pressure after occlusion of the 
cannula was probably due to the develop- 
ment of a profuse collateral circulation. In 
the animals with side-to-side shunts, the 
portal pressures did not change significantly 
in those with patent cannulae. In those with 
thrombosis of the cannulae, increased portal 
pressures were found but the levels remained 
within the normal range and did not reach 
the hypertensive levels observed in the 
controls. The pressures in the vena cava in 
dogs with shunts showed a similar pattern, 
with only small changes occurring in those 
with patent cannulae. In the dogs with 
occluded cannulae, the vena cava pressures 
increased, but the increments were not as 
great as are seen, for example, after band 
constriction of the thoracic inferior vena 
cava. 

In 3 animals with side-to-side shunts, all 
of which had thrombosis of the cannulae, 
the anastomosis was taken down 3 to 7% 
months after the initial operation (Table 


Inferior vena cava pressure 


Portal vein pressure 


No. of (mean, cm. saline) (mean, cm. saline) 
dogs | Initial | Final* |Change | % animals | Initial | Final* |Change | % animals 
Group I, 47 7.5 3.8 -3.7 Fall, 98, no 11.5 13.5 +2.0 Rise, 81, no 
control change, 2, change, 15, 
rise, 0 fall, 4 
Group IT, 33 6.6 7.9 +1.3. Rise, 85, no 11.1 7.5 -3.6 Fall, 91, no 
side-to-side change, 12, change, 6, 
fall, 3 rise, 3 
Group ITT, 10 6.2 7.7 +1.5 Rise, 100 11.7. Occluded +2.0 Rise, 100 
end-to-side splanchnic,+ 


13.7 


Occluded Rise, 70, 
hepatic} fall, 30 
14.1 


*Final pressure determined at end of operation just prior to wound closure. 
+Occluded splanchnic and occluded hepatic indicate the side of the occluding ligature on which the portal pressure was 


determined before the shunt was constructed. 


. 
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Table II. Pressure measurements in the abdominal inferior vena cava and portal 
vein in 9 dogs in Groups I and II repeated 1 to 9 months after insertion of the 
cannula and performance of the shunt 


Interval 
between Pressures (cm. saline) 
measure- 
Dog cain atthe Inferior vena cava Portal vein 
No. patency (mo.) Initial* | Repeat | Change | Initial* | Repeat | Change 
Group I, 59-423 Patent 1 3.5 3.0 $5 14.5 26.5 +12.0 
control 60-22 Patent 4% 2.5 3.0 +0.5 13.5 23.4 + 9.9 
60-43 Occluded 4% 4.0 8.0 +4.0 15.3 27.0 +11.7 


60-176 


+2.0 


Occluded 


Group II, 59-542 ~=Patent 


7 +2.0 5.5 VB + 2.0 

side-to-side 60-271 Patent 9 4.4 6.8 +2.4 6.8 7.4 + 0.6 
59-331 Occluded § 9.0 18.0 +9.0 8.0 16.0 + 8.0 

59-459 Occluded 3 10.4 17:0 +6.6 8.0 16.6 + 8.6 

59-501 Occluded 7” 6.8 12.2 +5.4 4.2 12.2 + 8.0 


*Initial pressure refers to pressure at end of initial operation measured after insertion of cannula and in Group II after 


completion of shunt. 


shunts were taken down 


Table III. Pressures in the abdominal inferior vena cava and portal vein in 3 
ascites-free dogs with side-to-side shunts obtained before and immediately after the 


Pressures (cm. saline) heed 

seites 

ail Inferior vena cava Portal vein (L.) 
to Before | After Before | After | Before | After 
Dog Cannula | takedown After | take- | take- After | take- | take: | take- | take- 
No. patency (mo.) |Control| shunt| down | down |Control| shunt| down | down | down | down 
59-331 Occluded 5 9.0 90 180 14.0 10.4 8.0 16.0 25.0 0 2.7 
59-459 Occluded 3 9.0 10.4 17.0 14.0 12.0 8.0 16.6 20.0 0 1.6 
59-501 Occluded 7% 6.4 6.8 12.2 10.8 10.6 4.2 12.2 18.5 0 3.8 


Ill and Fig. 5). After obliteration of the 
shunt there was an increase in portal pres- 
sure and a fall in vena cava pressure, indi- 
cating that the shunt had been functioning 
to decompress the liver and splanchnic bed. 

Ascites. Twelve of 14 surviving control 
dogs developed massive persistent ascites, 
first detected clinically between 9 and 44 
days postoperatively and varying in amount 
from 1.5 to 11.5 L. The failure of 2 animals 
to develop ascites was due, as shown by 
autopsies, to low insertion of the cannula 
which allowed the large superior hepatic 
vein to escape fibrotic occlusion. 

Nine of 10 long-term survivors with side- 
to-side portacaval shunts remained free of 
ascites during observation periods of 2 to 
9 months. One animal which died 12 weeks 


postoperatively was found to have 500 ml. 
of ascitic fluid at autopsy although repeated 
paracenteses during life, including an ab- 
dominal tap 1 week before death, had failed 
to indicate the presence of ascites. This dog 
died, presumably as a result of acute gastric 
dilatation, 36 hours after angiography per- 
formed under general anesthesia. 

In 3 animals with side-to-side shunts which 
were free of ascites, the anastomosis was 
taken down 2, 5, and 74% months, respec- 
tively, after the initial operation. The can- 
nulae in all 3 animals had been shown by 


angiography to be blocked. At the second - 


operation the shunts were found to be 
patent, the livers to be normal, and the 
peritoneal cavities to be free of fluid. After 
operation all 3 dogs promptly developed 
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ascites and died in 4, 12, and 24 days, re- 
spectively (Table III). At autopsy, the liver 
in each dog was greatly enlarged and con- 
gested, and the abdominal cavity contained 
straw-colored ascitic fluid varying in amount 
from 1,600 to 3,800 ml. 

All 8 surviving dogs with end-to-side 
portacaval shunts developed persistent mas- 
sive ascites and subsequently died from the 
resultant inanition. The ascites was detected 
clinically from 15 to 36 days postoperatively 
and varied in amount from 2.2 to 8.7 L. 

Angiograms. Inferior vena cava angi- 
ography was attempted in 28 of the 32 long- 
term survivors, 3 weeks to 10 months post- 
operatively. In 7 control animals, 9 dogs 
with side-to-side shunts, and 8 dogs with 
end-to-side shunts the procedure was satis- 
factory in that the vena cava was clearly 
visualized. ‘The cannulae were found to be 
patent in 3 of 7 controls (43 per cent), 3 
of 9 dogs with side-to-side shunts (33 per 
cent), and in 4 of 8 dogs with end-to-side 
shunts (50 per cent) (Figs. 6 through 8). In 
the remaining animals, 58 per cent of the 
total, the prosthesis was blocked and numer- 
ous large collateral vessels were seen carry- 
ing the dye from the vena cava to the 
heart (Figs. 9 through 11). 

Autopsies. Postmortem examinations were 
performed in all but one of the long-term 
survivors, a dog from Group II. In 1 addi- 
tional control animal the cannula was lost 
during the autopsy and the question of 
patency cannot be answered. Six control 
animals died from inanition associated with 
ascites 21 to 60 days postoperatively and the 
remaining 8 were sacrificed 5 weeks to 10% 
months after operation. Three animals with 
side-to-side shunts died 12 weeks to 4 
months after operation from incidental 
Causes (pneumonia, aspiration during angi- 
ography, and acute gastric dilatation after 
angiography), 3 died with ascites after the 
shunts were taken down, and 4 were sacri- 
fced 6 to 9 months after operation. All 8 
animals with end-to-side shunts died in 114 
to 3Y, months of operation from inanition 
associted with massive ascites. 

In all of the animals, the cannula was 
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Fig. 4. Graph which shows pressures in the in- 
ferior vena cava and portal vein at the initial 
operation and again 1 to 9 months postoperatively 
in 4 control dogs (solid line) and 5 dogs with 
side-to-side shunts (dash line). Mean pressures of 
each group are plotted. 
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SWUNT TAKEDOWN TAKEDOWN 
37% MONTHS 


Fig. 5. Portal pressures in 3 dogs with side-to-side 
shunts which were taken down 3 to 7% months 
postoperatively. Note the immediate rise in portal 
pressure after takedown of the shunt and the 
development of ascites. 
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Table IV. Comparison of control dogs, dogs with side-to-side shunts, and dogs with 
end-to-side shunts with regard to ascites and patency of cannulae and shunts 


July 1961 


Sur 


Clinical Angiogram 
onset of Volume of | patency of Autopsy patency 
No. of No. ascites ascites cannula Cannula Shunt 
dogs ascitic (days) (L.) (%) (%) (%) 
Group I, control 14 12 9-44 1.5-11.5 43 46 _— 
Group II, side-to-side 10 1 0 0.5 33 56 100 
Group III, end-to-side 8 8 15-36 2.2- 8.7 50 50 100 


surrounded by a smooth, shiny neointima 
which completely occluded the orifices of the 
hepatic veins. It is believed that this fibrous 
material deposited on the endothelium of the 
vena cava resulted from reaction to the poly- 
vinyl prosthesis. 

In 6 of 13 control dogs (46 per cent), 5 
of 9 animals with side-to-side shunts (56 
per cent), and 4 of 8 animals with end-to- 
side shunts (50 per cent), the cannula was 
patent, an over-all incidence of 50 per cent. 
In 1 animal there was a discrepancy between 
the angiogram and the postmortem findings. 
The autopsy showed patency of the cannula 
1 month after the angiogram had shown 
occlusion. In the remaining dogs, the pros- 
thesis contained an organized thrombus in 
association with which there were numer- 
ous large collateral veins attached to the 
vena cava below the level of occlusion. All 
of the shunts were widely patent. In all 
control animals, in all animals with end-to- 
side shunts, and in the 3 dogs in which the 
side-to-side shunts had been divided, the 
liver was greatly enlarged, hard, and con- 
gested and microscopic studies showed in- 
tense hepatic congestion. In addition, with 
the exception of the 2 control animals 
mentioned previously, massive ascites was 
present at death. In contrast, the liver was 
normal in dogs with intact side-to-side 
shunts, including the only animal in this 
group with ascites (500 ml.) alluded to 
previously. 


COMMENT 


The insertion of a polyvinyl cannula in 
the inferior vena cava opposite the hepatic 
vein orifices produced progressive hepatic 
venous outflow obstruction, marked hepatic 


congestion with enlargement of the liver, 
portal hypertension, and persistent massive 
ascites. With the exception of 2 dogs in 
which the cannula had been positioned in- 
correctly, all long-term survivors had com- 
plete occlusion of all hepatic veins. The ex- 
perimental preparation used in this investi- 
gation, therefore, may be regarded as one 
with an outflow block of high grade. 

The side-to-side portacaval shunt was 
found to be very effective in preventing the 
sequelae of hepatic venous outflow obstruc- 
tion. None of the 10 animals in this group 
developed hepatomegaly or congestion of the 
liver. In the dogs in which determinations of 
portal pressure were repeated several months 
after operation, there was no significant 
change in those with patent cannulae, and 
in those with obstructed cannulae the ele- 
vations of portal pressure did not reach the 
hypertensive levels observed in the controls. 
Nine of 10 dogs remained free of ascites and 
the 1 dog in which 500 ml. of ascitic fluid 
was found at autopsy appeared to have de- 
veloped ascites as a terminal phenomenon in 
association with acute gastric dilatation. The 
latter condition may or may not have been 
related. Taking down the portacaval shunt 
in 3 dogs which had been free of ascites 
resulted in a significant rise in portal pres- 
sure and the prompt appearance of ascites 
and hepatomegaly. 

It has been proposed that the side-to- 
side portacaval shunt owes its effectiveness 
to its ability to provide both splanchnic and 
hepatic decompression. If this proposal is to 
be proved valid, evidence that the portal 
vein may function as an outflow tract in 
which retrograde flow of blood may occur 
is of crucial importance. Such evidence has 
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been provided in the human being by the 
perfusion experiments of Herrick in 1907° 
and more recently by the studies in cirrhotic 
patients of Longmire and associates,* Warren 
and Muller,’* and Mulder and Murray.‘ 
The results of the present investigation re- 
garding pressure determinations on_ the 
hepatic side of the occluded portal vein 
after insertion. of the cannula lend support 
to the studies in human subjects. In 70 per 
cent of the animals there was a rise in portal 
pressure on the hepatic side and in the re- 
maining dogs there was only a slight fall. 
Because the portal vein was free of branches 
on the hepatic side of the occlusion, the ele- 
vation of pressure could only have resulted 
from retrograde flow of blood. 

Since the vena cava cannula remained 
patent in only 56 per cent of the animals 
with side-to-side shunts, an obvious question 


fluid. 


The animal was free of ascites. 


Fig. 6. Vena cava angiogram from a control 
postoperatively shows a patent cannula. The animal had 4 L. of ascitic 


Fig. 7. Vena cava angiogram from a dog with a side-to-side shunt per- 
formed 2% months postoperatively shows a patent cannula. The catheter 
was threaded into the hepatic limb of the portal vein where the dye was 
injected and produced a striking demonstration of retrograde portal flow. 
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concerns the failure of the dogs with throm- 
bosis of the cannula to develop ascites as 
occurs, for example, in animals with con- 
striction of the thoracic inferior vena cava. 
This question cannot be answered with 
certainty, but clues to the answer may be 
found in the results of pressure determina- 
tions and in the angiograms. In animals 
with cannula thrombosis in the control 
group, vena cava pressures increased only 
slightly after occlusion and in the group 
with side-to-side shunts, the vena cava pres- 
sures, while higher than in the controls, did 
not reach the levels usually found in dogs 
with bands constricting the thoracic inferior 
vena cava. Also, the livers in the latter group 
did not become congested and the portal 
pressures did not reach hypertensive levels. 
All of these findings indicate that the shunt 
continued to function in the face of a blocked 
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Fig. 8. Vena cava angiogram from a dog with an end-to-side portacaval 
shunt performed 2 months postoperatively shows a patent cannula. The 
shunt was not visualized since the flow of splanchnic blood was in the 
direction of the vena cava. The animal had 5 L. of ascitic fluid. 


Fig. 9. Vena cava angiogram from a control dog shows a blocked cannula 
and large collateral vertebral and spinal veins by-passing the block and 


carrying dye to the heart. 


cannula, a contention which is supported by 
the prompt development of ascites in 3 ani- 
mals when the anastomosis was taken down. 
All animals with an obstructed cannula were 
shown by angiography to have developed a 
profuse collateral circulation bypassing the 
obstruction. Particularly prominent were 


the vertebral and spinal veins which con- 


nected with the azygos and hemiazygos veins 
emptying into the superior vena cava (Figs. 
9 through 11). It is proposed, therefore, 
that the gradual development of thrombosis 
in association with the enlargement of col- 
lateral vessels may explain the continued 
effectiveness of the portacaval shunt in pro- 
viding hepatic and splanchnic decompres- 
sion. 

The end-to-side portacaval shunt was 
uniformly ineffective in preventing con- 
gestion of the liver and ascites. All of the 


animals in this group developed hepato- 
megaly and massive ascites. While the end- 
to-side shunt is known to reduce the flow of 
blood to the liver, splanchnic decompression 
alone was not capable of counteracting the 
effects of the high-grade outflow block pro- 
duced by the internal vena cava cannula. 
Operations such as the end-to-side porta- 
caval shunt and ligation of the hepatic artery 
which are aimed at reducing the flow of 
blood to the liver have been recommended 
as treatment for cirrhotic ascites and some 
evidence indicates that they may be effec- 
tive. 1° However, many surgeons have 
abandoned the “inflow reducing” procedures 
because of failure to obtain consistent suc- 
cess with their use in ascites.* ° The results 
of this investigation provide support for the 


use of combined hepatic and splanchnic de- 
compression as the preferable approach to 
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the treatment of ascites resulting from 
hepatic venous outflow obstruction, when a 
surgical procedure is believed indicated. 


SUMMARY AND CONCLUSIONS 


The effects of portacaval shunts on ascites 
produced with an internal vena cava can- 
nula were evaluated in 90 dogs. Forty-seven 
animals were subjected to insertion of the 
vena cava cannula alone, 33 animals had 
insertion of the cannula combined with a 
side-to-side portacaval shunt, and in 10 
animals insertion of the cannula was com- 
bined with an end-to-side portacaval shunt. 
Thirty-two animals survived the operation 
for long periods. The majority of animals 
which failed to survive died shortly after 
operation as a result of acute hepatic venous 
occlusion produced by a tight-fitting can- 
nula. 


Insertion of the cannula alone resulted in 


Fig. 10. Vena cava angiogram from a dog with a side-to-side shunt and 
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an immediate rise in portal pressure and a 
fall in vena cava pressure in most of the 
control dogs, while in the animals with 
shunts this pressure pattern was reversed. 
In the dogs with end-to-side shunts, portal 
pressure on the hepatic side of the ligated 
portal vein increased in 70 per cent, which 
indicated the occurrence of retrograde blood 
flow. Redetermination of pressures in 9 
animals after an interval of several months 
showed little change in the dogs with side- 
to-side shunts which had patent cannulae, 
while the controls developed portal hyper- 
tension. In dogs with side-to-side shunts 
and occluded cannulae, the portal pres- 
sure increased but not to hypertensive levels 
which indicated that the shunts continued 
to function in the face of thrombosis of the 
cannula. The development of extensive col- 
lateral channels was believed responsible for 
the continued effectiveness of these shunts. 


a blocked cannula shows profuse collateral circulation emptying into the 
azygos and hemiazygos veins and thence into the superior vena cava. An 
outline of the blocked cannula can be seen medial to the dye-filled 


collaterals. 


Fig. 11. Vena cava angiogram from a dog with an end-to-side shunt and 


a blocked cannula shows abundant collateral vessels as well as a dye- 
filled portal vein entering the vena cava. An outline of the occluded cannula 


can be seen. 
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Vena cava angiography and autopsies 
showed patency of the shunts in 100 per 
cent of the dogs and patency of the cannulae 
in 50 per cent. The dogs with thrombosis 
of the cannulae were found to have de- 
veloped a profuse collateral circulation by- 
passing the obstruction in the vena cava. 

Twelve of 14 surviving control dogs de- 
veloped hepatomegaly and massive _ per- 
sistent ascites varying from 1.5 to 11.5 L. 
Two control dogs did not develop ascites 
because of low insertion of the cannula with 
resultant failure to occlude all of the hepatic 
veins. All 8 surviving dogs with end-to-side 
shunts developed hepatomegaly and massive 
ascites. In contrast, 9 of 10 long-term sur- 
vivors with side-to-side shunts remained free 
of ascites for periods of up to 9 months, and 
none of these dogs had hepatomegaly. Take- 
down of the side-to-side anastomosis of 3 
ascites-free animals was followed by the 
prompt appearance of portal hypertension, 
hepatomegaly, and ascites. 

The side-to-side portacaval shunt proved 
to be a very effective means of preventing 
experimental ascites associated with hepatic 
venous outflow obstruction, while the end- 
to-side shunt was without effect. The results 
of this investigation, therefore, provide sup- 
port for the clinical use of combined hepatic 
and splanchnic decompression in the treat- 
ment of ascites associated with liver disease 
and outflow block. 
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any patients with cirrhosis of the 
liver and ascites have a predilection for 
maintaining a positive sodium balance while 
excreting greater-than-normal quantities of 
aldosterone in the urine. This relationship 
between sodium retention and_ increased 
aldosterone excretion can frequently be re- 
versed by portal decompression, and a suc- 
cessful shunt is often followed by relief of 
the ascites. Why a portacaval shunt induces 
sodium excretion is not clear. Postshunt 
natriuresis has been presumed to be due to 
a decreased secretion of aldosterone by the 
adrenal cortex. Recently, however, Mittel- 
mann and his associates® have shown that 
after a portacaval shunt some patients with 
ascites and cirrhosis excrete sodium freely 
while the urinary aldosterone excretion may 
even increase. This apparent paradox of an 
increased urinary excretion of both sodium 
_ and aldosterone after portal decompression 
_ has not been adequately explained. It seems, 
then, that secondary hyperaldosteronism is 
not solely responsible for sodium retention 
and ascites in some cases of advanced cir- 
thosis of the liver. Furthermore, a decreased 
urinary excretion of aldosterone is not a 


Supported by United States Public Health Service Grants 
H-4260 and B-2290, and Contract No. DA-49-007-MD- 
1016, Department of the Army. 

Read at the Twenty-second Annual Meeting of the So- 


ciety of University Surgeons, Kansas City, Kan., Feb. 
9-11, 1961. 


systemic injections of 
sodium chloride in 
normal dogs and after 
portacaval shunt 


necessary accompaniment of the natriuresis 
that may occur after portacaval shunt. 

This study was undertaken to explore 
mechanisms whereby a_ portacaval shunt 
might influence sodium excretion. Since 
orally ingested fluids and electrolytes enter 
the portal circulation and traverse the liver 
before entering the systemic circulation, it 
was postulated that intrahepatic compensa- 
tory mechanisms might exist to regulate the 
caprices of oral intake. As early as 1921 
Lamson and Roca’ observed that the rate 
of disappearance of intravenously injected 
isotonic salt solutions was decreased 4 times 
or more when the liver was excluded from 
the circulation. We reasoned that if the liver 
was integrated into the control of sodium 
and water metabolism this mechanism might 
be modified by a portacaval shunt. Our 
experiments, therefore, were designed to 
detect differences in body management 
of sodium and water when these are injected 
in isotonic concentrations into the portal 
and systemic venous circuits in both normal 
dogs and dogs with end-to-side portacaval 
shunts. 


METHODS 


For ready accessibility, the spleens of 12 


adult female dogs weighing between 12 and 


18 kilograms were explanted subcutaneously 


into the left lateral abdominal wall (Fig. 1). 


ast 
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Fig. 1. Normal dogs. The spleen has been opera- 
tively explanted into a subcutaneous position in 
the left lateral abdominal wall. 


In 6 of these dogs, normal in all respects 
save for the splenic explantation, patterns 
of sodium and water excretion were studied. 
All dogs received standard kennel rations 
throughout the entire period of study. ‘Two 
weeks after explantation of the spleen they 
were lightly anesthetized intravenously with 
thiopental (25 mg. per kilogram), and posi- 
tioned supine on an operating table in re- 
verse Trendelenburg position with the head 
elevated 30 degrees. A blood specimen was 
obtained for creatinine studies and the uri- 
nary bladder catheterized with a No. 20 Fr. 
Robinson catheter. A 30-minute urine speci- 
men was collected prior to the saline infu- 
sion. Next, a splenic puncture was made with 
a 20 gauge needle attached to a syringe. 
When venous blood was encountered, the 
syringe was removed and 500 ml. of 0.9 
per cent saline solution administered in a 
30-minute interval. Bladder urine was col- 
lected at 30-minute intervals, beginning with 
the splenic infusion and continuing for 5 
hours. A postinfusion blood specimen was 
also obtained for creatinine studies. All urine 


- specimens were placed in ice immediately, 


and later, after measurement of the volume, 
were analyzed for osmolality and sodium 
content. Pre- and postinfusion creatinine 
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clearances were calculated. Postoperatively 
the animals received Gantrisin, 1.0 Gm. 
twice daily, to prevent urinary tract infec- 
tions that otherwise occurred. One week 
later the procedure was repeated, except 
that 500 ml. of 0.9 per cent saline solution 
was injected into the systemic venous circuit 
through the femoral vein. 

In the remaining 6 dogs end-to-side porta- 
caval shunts were fashioned (Fig. 2). In- 
fusions of isotonic saline solution were made 
into the spleens and femoral veins of these 


- animals which were identical to those made 


in the normal dogs. At the conclusion of the 
final infusion, the patency of the shunt was 
confirmed by splenoportography. 


RESULTS 


The mean 5-hour sodium excretions of 
the normal animals after the infusion of 
500 ml. of 0.9 per cent saline solution 
through the spleen was 16.1 mEq. of sodium. 
In dogs with end-to-side portacaval shunts 
only 4.1 mEq. of sodium was excreted 
(Table I). On statistical analysis of the re- 
sults, the normal animals were found to 


“Spleen 
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End-to-side 
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Fig. 2. Dogs with shunts. The spleen has been 
explanted subcutaneously and an end-to-side porte 
caval shunt performed. 
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Table I. Mean 5-hour urinary sodium 
excretions after infusion of 500 ml. of 0.9 
per cent saline into spleens and femoral 
veins of normal dogs and those with 
end-to-side portacaval shunts 


Spleen Femoral vein 
(mEq. Na) (mEq. Na) 
Normal dogs 16.1 28.1 
Dogs with porta- 
caval shunts 4.1 10.1 


have excreted a mean of 16.1+ o 4.97 mEq. 
of sodium in 5 hours. The median 5-hour 
sodium excretion of this group was. 14.95 
mEq. and the average deviation from the 
median + 3.52 mEq. of sodium. Animals 
with shunts excreted a mean of 4.1+ o 2.65 
mEq. of sodium in 5 hours. The median 
j-hour sodium excretion of these dogs was 
44 mEq. and the average deviation from 
the median + 1.95. Further analysis with 
the t-distribution test as described by Snede- 
cor’? gives a t value of 4.76. This result 
indicates that the differences observed be- 
tween the sodium excretions of these 2 
groups of animals could be a chance obser- 
vation in less than 1 in 1,000 instances. 
When 0.9 per cent saline solution was 
injected into the femoral veins in the normal 
dogs and those with shunts the mean 5-hour 
sodium excretions were 28.1 and 10.1 mEq. 
of sodium, respectively. In each group more 
sodium was excreted after femoral vein in- 
fusions than after splenic infusions. Perhaps 
this is due to the more rapid access of the 
infused solutions to the systemic circuit when 
they are administered directly into the femo- 
ral vein rather than into the spleen. — 
Table II is a summary of the mean sodium 
and urine volume excretions in both groups 
of dogs before and after the infusion of 500 
ml. of 0.9 per cent saline solution into the 
speens and femoral veins. During the 5-hour 
period of this study, the normal dogs com- 
pensated for the isotonic increase ‘in extra- 
cellular fluid volume, caused by either the 
portal or systemic infusion of normal saline 
solution, by increasing both the urinary con- 
centration of sodium and the volume of 
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urine. Animals with shunts, in response to 
the same infusions, exhibited a similar in- 
crease in the concentration of sodium ex- 
creted, but failed to show any significant in- 
crease in volume of urine. The animals with 
portacaval anastomoses demonstrated no ap- 
preciable tendency to retain more sodium 
under normal circumstances than did the 
normal dogs. This fact is supported by pre- 
infusion excretions of 0.50 and 0.58 mEq. 
of sodium in 30 minutes in the normals as 
compared to 0.25 and 0.53 mEq. of sodium 
in 30 minutes in the shunted dogs. 

One dog in this study which originally 
served as a normal animal later underwent 
an end-to-side portacaval shunt and_ the 
saline infusions were repeated. Table III 
shows the difference in response of this ani- 
mal when the shunt was present. 


COMMENT 


This study demonstrates that dogs with 
end-to-side portacaval shunts retain sodium 
in significantly greater amounts than those 
without shunts when isotonic sodium chlo- 
ride is given either through the portal or 
systemic venous circuits. Normal animals 
respond to this isotonic increase in the vol- 
ume of the extracellular fluid by increasing 
the concentration of sodium in the urine and 
the volume of urine. The urinary volumes 
increased more than the sodium concentra- 
tion. Dogs with portacaval shunts responded 
to similar infusions by failing to increase 
significantly the volume of urine excreted 
but increasing the concentration of urinary 
sodium. 

The sodium retention observed in_ the 
animals with shunts after isotonic saline ad- 
ministration deserves further elucidation. 
Infusions in these animals, whether into the 
spleen or femoral vein, immediately enter 
the systemic venous system and are, there- 
fore, similar in this respect to the femoral 
vein infusions in normal dogs (Fig. 2). Yet 
the response of the shunted animals differs 
from that of the controls in that significant 
sodium and water retention occurs. Even 
though dogs are known to have very labile 
glomerular filtration rates, pre- and _ post- 
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Table II. Mean sodium and urine volume excretions before and after infusion of 
500 ml. of 0.9 per cent saline into spleens and femoral veins of normal dogs and 


those with end-to-side portacaval shunts 


Dogs with end-to-side 


Normal dogs portacaval shunts 


Spleen | Femoral vein Spleen | Femoral vein 

Mean 30-min. excretion of Na prior to infusion 

(mEq. Na/ml. urine) 0.14 0.16 0.06 0.08 
Mean 5-hr. excretion of Na after infusion 

(mEq. Na/ml. urine) 0.20 0.24 0.08 0.16 
Mean 30-min. excretion of Na prior to infusion 

(mEq. Na/30 min.) 0.50 0.58 0.25 0.53 
Mean 30-min. excretion of Na after infusion 

(mEq. Na/30 min.) 1.62 2.81 0.43 1.01 
Mean 30-min. excretion of urine prior to in- 

fusion (ml. urine/min.) 0.12 0.12 0.14 0.22 
Mean 5-hr. excretion of urine after infusion 

(ml. urine/min.) 0.27 0.39 0.18 0.21 
Mean 30-min. excretion of urine prior to in- 

fusion (ml. urine/30 min.) 3.6 3.6 4.2 6.6 
Mean 30-min. excretion of urine after infusion 

(ml. urine/30 min.) 8.1 11.7 5.4 6.3 


infusion creatinine clearance tests were per- 
formed. The results were found to vary 
greatly in the same dog and no correlation 
was present between the glomerular filtra- 
tion rates determined and the presence or 
absence of a portacaval shunt. Since all of 
the dogs in this study were given identical 
infusions under similar circumstances, it is 
unlikely that the observed differences in so- 
dium and water excretion between the 2 
groups were due to changes in the glomeru- 
lar filtration rates. 

The outstanding difference between the 2 
groups of animals studied is the impaired 
hepatic function that results from the de- 
creased hepatic blood flow in animals with 
end-to-side portacaval shunts. Heer and as- 
sociates* found hepatic blood flow reduced 
approximately 49 per cent when an end-to- 
side portacaval shunt was performed in 
otherwise normal dogs. Associated with this 
reduced hepatic biood flow was a significant 
impairment of hepatic function as measured 
by serum albumin concentration, decreased 
tolerance to dietary protein, increased blood 
ammonia levels, and increased Bromsulph- 
alein retention. Thus, it may be postulated 
that the failure of the animals with shunts 


to compensate for an acute isotonic expan- 
sion of the extracellular fluid volume is re- 
lated to hepatic dysfunction which occurs 
as a direct result of the Eck fistula. Con- 
ceivably, the normal liver contains receptors 
that respond to extracellular fluid volume 
changes in the portal venous system. 
Although there was significant sodium re- 
tention in the dogs with shunts during the 
5-hour period of study, these animals showed 
little tendency to retain sodium under other 
circumstances. For example both groups of 
dogs were given identical kennel rations, 
and under these circumstances the mean 30- 
minute excretion of sodium prior to infusion 
was 0.50 and 0.58 mEg. of sodium for the 
normal animals, and 0.25 and 0.53 mEq. of 
sodium for those with shunts. This indicates 
that despite a significant retention of s0- 
dium and water by the dogs with shunts in 
response to an acute isotonic expansion of 
the volume of the extracellular fluid, these 
animals ultimately could compensate for 
these expansions. Perhaps this delayed ex- 
cretion of sodium and water is accomplished 
by volume receptors located in other areas 
or it may be due to the same mechanisms 
present within the normal liver now 1e 
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sponding to a relative increase in hepatic 
arterial inflow associated with an expanded 
extracellular fluid volume. 

The regulation of extracellular fluid vol- 
ume and tonicity have been discussed for 
more than a decade. Such discussions have 
been concerned with specific locations and 
modes of action of osmoreceptors and vol- 
ume receptors. 15, 18, 19 Even though 
the specific location of such receptors, as 
well as their afferent and efferent pathways, 
remains unknown, their clinical significance 
is emphasized when one encounters certain 
patients with profound disturbances in the 
tonicity or volume of the extracellular fluid. 
In regard to volume receptors, not only 
their location, but also the mechanisms by 
which they act, remain obscure. At the pres- 
ent time, 2 physiologic processes appear to 
be involved. Strauss'* has summarized evi- 
dence which indicates that the supraoptico- 
hypophyseal system is responsive to critical 
changes in the extracellular fluid volume. 
Also, since extracellular volume is dependent 
upon its total solute, of which sodium and 
potassium are the most important elements, 
aldosterone secretion appears to be part of 
this regulatory process. Heretofore, little at- 
tention has been given to the liver and its 
possible role in the regulation of the volume 
of extracellular fluid. 

Welch and colleagues'® have stated that 
the sine qua non of ascites formation asso- 
ciated with cirrhosis is an hepatic blood out- 
flow block, probably postsinusoidal in loca- 
tion. They relate the formation of ascites 
under such circumstances entirely to me- 
chanical factors associated with increased 
vascular hydrostatic pressure relationships in 


Table III. Response of 1 dog (No. 60-119) 
to infusion of 500 ml. of 0.9 per cent saline 
into spleen and femoral vein both as a 


control and with an end-to-side portacaval 
shunt 


Spleen Femoral vein 

(mEq. Na) (mEq. Na) 
Normal 14.9 28.3 
Portacaval shunt 0.7 3.7 
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the congested liver. However, our data indi- 
cate a predilection for sodium retention in 
a functionally impaired liver alone, in the 
absence of a mechanical _postsinusoidal 
block. Certainly, if receptor mechanisms are 
normally present within the liver, the super- 
imposition of cirrhosis and a state of hepatic 
congestion could cause varying degrees of 
interference with their action. Therefore, 
portal decompression might well be effective 
in controlling ascites by permitting the re- 
ceptors to again respond to volume changes 
now heralded by the hepatic arterial inflow, 
even though the total hepatic blood flow 
remains reduced. 

Dogs with portacaval shunts, although in- 
creasing the concentration of sodium ex- 
creted, showed virtually no increase in the 
volume of urine in response to the infusions. 
This observed dissociation of sodium and 
water excretion is at variance with the 
mechanisms described by Wolff and asso- 
ciates'’ as compensatory for increases in 
extracellular fluid volume in liver disease. 
They suggest that an increase in the volume 
of extracellular fluid leads to decreased se- 
cretion of aldosterone resulting in decreased 
renal tubular reabsorption of sodium, a 
decrease in total-body sodium, and a 
decreased extracellular fluid tonicity. This 
results in a decrease in water intake and 
posterior pituitary antidiuretic activity, thus 
producing a decreased tubular reabsorp- 
tion of water and decreased total-body 
fluids. They also postulated that in some 
patients with hepatic disease, defective in- 
trahepatic breakdown of aldosterone leads 
to an increase of circulating aldosterone and 
secondary activation of the antidiuretic 
mechanism. Such a theory can be questioned 
for several reasons. First intravenously ad- 
ministered aldosterone has a duration of ac- 
tion of 8 hours or more.” ** It is unlikely 
that during the 5-hour period of this study 
the increased excretion of sodium in normal 
dogs could be entirely due to a decrease in 
aldosterone secretion combined with an ex- 
cessively rapid metabolic degradation of any 
circulating aldosterone. Furthermore, a simi- 
lar increase in the concentration of sodium 
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excreted was found in the dogs with shunts, 
yet the total amount of sodium excreted 
was significantly less. Second, our data dem- 
onstrate a tendency of animals with shunts 
and secondarily impaired hepatic function 
to retain water in excess of sodium. Welch 
and associates have also observed this phe- 
nomenon in ascitic patients. Third, Mittle- 
mann and his group® attempted to relate the 
disappearance of ascites and the increased 
sodium excretion that is often seen after 
portacaval shunt to decreased aldosterone 
excretion postoperatively. All 6 patients 
studied by them demonstrated marked so- 
dium retention and increased urinary excre- 
tion of aldosterone in association with ascites 
preoperatively. In 4 of the 6 patients the 
inverse relationship between the urinary ex- 
cretions of aldosterone and sodium was 
found postoperatively. The 2 other patients, 
both of whom did not regain ascites, showed 
an increased excretion of aldosterone and 
sodium postoperatively. These data indicate 
that even though the aldosterone excretion 
remained high, the increased excretion of 
sodium in these 2 cases was associated with 
an increased excretion of water postopera- 
tively. 


SUMMARY 


Experimental evidence is presented that 
demonstrates significant sodium and water 
retention in dogs with end-to-side porta- 


caval shunts in response to isotonic saline. 


infusions into the portal and systemic ve- 
nous circuits. These data suggest that there 


are mechanisms located within the liver that — 


aid in the regulation of the extracellular 
fluid volume, and these are closely inte- 
grated with the antidiuretic mechanism of 
the posterior pituitary gland as well as the 
adrenal cortex. 
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DISCUSSION* 
Dr. James S. Clarke (Los Angeles, Calif.). I 


would like to discuss the first of these 3 excellent 
papers. Drs. Silen and Eiseman have presented 
further evidence supporting the hypothesis that 
histamine is an agent which originates in the gut 
and may be shunted around the liver, thus causing 
gastric hypersecretion. However, there are several 
observations which suggest that this may not be 
the whole story. One is their finding that the 
fasting levels of histamine do not seem to be 
different in dogs with shunts and in dogs without 
shunts. This may be simply a limitation of the 
technique. Second is their own finding, as well 
as that of Dr. Gregory of Liverpool, that the 
response of the hypersecretion which occurs after 
shunt to inhibitory pharmacologic agents, such 
as atropine, is not the same as the response of 
histamine-induced secretion. Third, Castaneda and 
his colleagues from Minneapolis have shown that 
acid secretion caused by stimulation of an isolated 
antral pouch, which is presumably due to gastrin, 
is increased in dogs which have a_portacaval 
shunt. 

Finally, I would like to suggest that this general 
hypothesis might account for the findings of in- 
creased gastric secretion after pancreatic duct 
ligation which were presented by Dr. Elliott yes- 
terday. Dr. Dragstedt showed that dogs which 
have the pancreatic exocrine secretions diverted 
from the intestinal tract develop weight loss, 
hypolipemia, and fatty livers. Weight loss at least 
was seen in some of Dr. Elliott’s dogs. In inter- 
preting the effect on gastric secretion of pan- 
creatic operations, all of which involve diversion 
of pancreatic juice from the gut, one might look 
at the liver and ask whether it is fatty, whether 
its content of histaminase is normal, and whether 
postprandial plasma histamine curves remain un- 
changed when hypersecretion appears. 

Dr. William V. McDermott, Jr. (Boston, 
Mass.). These were 3 very stimulating papers and 
I want to comment very briefly on each of them. 
With regard to the paper by Drs. Silen and Eise- 
man, the increased gastric secretory activity after 


“Discussion of papers by Silen and Eiseman; Orloff and 
Snyder; and Wolfman, Zuidema, Oneal, Turcotte, Kowal- 


czyk, and Child. 
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a shunt is certainly well recognized and well 
established by now. This report presents evidence 
to implicate, in part at least, histamines bypassing 
the liver as being one of the factors involved. 
Clinically this increased gastric secretory activity 
is reflected by an increase in the incidence of 
peptic ulceration after shunt. We have recently 
reviewed the 237 elective portal systemic shunts 
constructed up to 1958 at the Massachusetts 
General Hospital and have found that there is an 
over-all incidence of 15 per cent of peptic ulcera- 
tion. In several cases hemorrhage has been a 
serious and occasionally lethal complication. The 


. paper given by Drs. Orloff and Snyder has been 


of particular interest to us because of our efforts 
to reverse cirrhotic ascites. We have believed that 
part of the pathogenesis of the rather complicated 
metabolic problem of cirrhotic ascites in man 
has been hemodynamic and has been related not 
only to congestion in the splanchnic bed, but also 
in the intrahepatic vascular bed, in other words, 
a partial outflow block. Methods of inducing 
experimental ascites are not entirely applicable to 
man because man does not present the pure Budd- 
Chiari syndrome and in no instance of cirrhotic 
ascites have we found the hepatic pressure to rise, 
after occlusion of portal veins. But nonetheless, it 
does remain high and the intrahepatic portal bed 
does remain congested, which suggests that an 
outflow block or postsinusoidal block is at least 
a part of the mechanism which produces ascites. 
In attempting to correct this, we have applied 
combined splanchnic and hepatic decompression 
by use of the double shunt which is similar in 
concept to the use of the side-to-side shunt by 
Dr. Welch and his associates and others. 

In reviewing the over-all results of shunt 
operations in 40 patients who had _ intractable 
ascites at the time of construction of the shunt, 
the results have been very good if the double 
or side-to-side portacaval shunt has been used. 
In 17 cases there have been 2 deaths, but 14 of 
the 15 survivors have had rapid, complete, and 
permanent dissipation of the ascites. The end-to- 
side portacaval shunt has been less satisfactory, but 
has in many instances ultimately resulted in the 
dissipation of ascites. The appearance of sodium 
in the urine is rather delayed as compared to the 
rapid appearance of sodium after the construction 
of a side-to-side or double shunt and the ascites 
will frequently persist for weeks or even months. 
On 2 occasions, patients with only minimal ascites 
have, in the postoperative phase after construction 
of end-to-side shunt, developed severe intractable 
ascites which persisted for some months after the 
operation. A splenorenal shunt, of course, is 
basically a small side-to-side shunt and the results 
have more or less fallen in between the results 
of the other 2 types. In regard to the paper pre- 
sented by Dr. Wolfman and his associates, I 
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wonder if these metabolic effects could be related 
to failure of clearance of aldosterone by the par- 
tially damaged liver. 

Dr. Harold G. Barker (New York, N. Y.). 
I enjoyed these 3 papers very much and wish. to 
compliment the essayists. I want to comment 
briefly on Dr. Orloff’s paper. He has shown very 
nicely that dogs with side-to-side shunts avoid 
the ascites that normally follows hepatic vein ob- 
struction, whereas dogs with end-to-side shunts 
get the ascites in spite of the shunt. This implies 
that a side-to-side shunt would relieve the ascites 
in patients with Budd-Chiari syndrome and we 
have had the opportunity to try this with good 
success. It is important, however, that we not 
construe the results of this study as an argument 
in favor of side-to-side shunting in patients with 
ascites from cirrhosis of the liver. Some of you 
will remember that we presented before this so- 
ciety last year the results of our study on the use 
of end-to-side shunts in cirrhotic ascites. We have 
found no reason to date to lose faith in this 
operation. I wonder if Dr. Orloff would comment 
on the wide variability in survival rates between 
the 3 groups of dogs from 80 per cent for those 
with end-to-side shunts down to 25 per cent for 
the controls. 

Dr. W. Dean Warren (Charlottesville, Va.). 
I would also like to comment on the very nice 
paper of Drs. Orloff and Snyder. Although we 
do not believe that the intrahepatic pressure is 
the most important factor in the development of 
ascites in patients, it certainly is one of the 2 or 
3 physiologic derangements which leads to ascites. 
Because of this, we believe the side-to-side porta- 
caval shunt is most certainly indicated in cirrhosis 
with ascites because of the markedly diminished 
outflow resistance which is brought about by this 
operation. With this procedure, there can occur 
a marked fall in sinusoidal pressure with little 
change in the arterial perfusion of the sinusoidal 
bed. In a number of patients there has been a 
documented increase in flow to the liver although 
the sinusoidal pressure has been greatly reduced. 
Because of this beneficial effect in the hemody- 
namic status of the liver, we feel that the side-to- 
side portacaval shunt is the operative procedure 
to be utilized in such patients. 

Dr. William Silen (San Francisco, Calif.). I 
would like to thank Drs. Clarke and McDermott 
for discussing this paper. With reference to the 
lack of difference between the fasting levels of 
plasma histamine in the shunt and_ nonshunt 
normal dogs, I think it is important to recognize 
that one can give histamine exogenously in quan- 
tities sufficient to produce gastric secretion and 
yet may not be able to measure this amount of 


histamine in the blood with present methods. | 


Thus, minute increments in plasma histamine may 
be physiologically active in causing increased 


gastric secretion in the fasting dog with a shunt 
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but may not be detectable by any presently known 
means. Second, with regard to our _ inhibition 
studies, it is true that atropine inhibits the vastric 
hypersecretion after portacaval shunt, whereas it 
does not inhibit secretion induced by exogenously 
administered histamine. The reasons for this dis- 
crepancy are not clear, but some authors have 
indicated that endogenous and exogenous hista- 
mine may react quite differently. We are now 
conducting human studies and our results are 
certainly in the direction of those which we found 
in the animals. In conclusion I would like to say 
that everyone has always wondered whether or not 
histamine plays a physiologic role in gastric secre- 
tion and I think these studies certainly indicate 
that it does. 

Dr. Marshall J. Orloff (closing). I wish to 
thank Drs. Barker, McDermott, and Warren for 
their comments. As you know, all three of these 
men have made important and pioneer contribu- 
tions to our knowledge of portal hypertension 
and ascites. Dr. Barker asked for an account of 
the marked differences in mortality rates between 
the group with side-to-side shunts and the group 
with end-to-side shunts. It is difficult, with the 
internal vena cava cannula technique, to control 
precisely the amount of hepatic venous outflow 
obstruction produced by the cannula and, as we 
indicated, the major cause of early death in all 
of the groups was acute hepatic vein occlusion 
from a tight-fitting cannula. However, as time 
went on and we developed more experience, our 
ability. to estimate the amount of occlusion im- 
proved. The end-to-side shunt group was our 
most recent one and our only explanation for the 
improved survival rate in this group is that we 
had greater experience with the procedure. We 
do not believe that the lower mortality rate can 
be interpreted as having resulted from some bene- 
ficial effect of the end-to-side shunt. 

It is very true that the results of these experi- 
ments in dogs may not have direct application to 
man, as do so few experiments in animals. How- 
ever, there is not too much question that an 
important factor in the pathogenesis of ascites 
associated with liver disease is hepatic venous 
outflow block. I believe that there has been 
sufficient substantiation of the existence of this 
phenomenon in man to give us confidence that 1t 
is at least partly responsible for ascites. In this 
sense, and perhaps only in this sense, our experl- 
ment is comparable to what is found in human 
beings. We would find it difficult to completely 
ignore the striking beneficial effect of side-to-side 
portacaval shunt on the sequelae of outflow block 
in the dog or the lack of benefit from end-to-side 
shunt, alhtough we agree that one should be 
cautious in applying these findings to man, pat 
ticularly since cirrhosis is a very complex disease. 


V 
N 
2 lik 
an 
po 
wa 
un 
It 
: an 
mé 
Dr 
the 
inc 
fro 
We 
tor 
no! 
Th 
inc 


Volume 50 
Number 1 


Dr. Earl F. Wolfman, Jr. (closing). I would 
like to thank the discussers for their comments 
and stress the point that our use of the end-to-side 
portacaval shunt in this experimental protocol 
was designed to obtain information regarding the 
underlying physiologic disturbances in the liver. 
It is not to be construed as an endorsement of 
any one particular type of shunt in the surgical 
management of portal hypertension. In regard to 
Dr. McDermott’s question as to whether or not 
the sodium retention observed could be due to 
increased circulating levels of aldosterone resulting 
from a failure of liver conjugation, I doubt this. 
We found that shunted animals responded to iso- 
tonic saline infusions by excreting a _ relatively 
normal concentration of sodium in the urine. 
The basic defect was the failure to excrete an 
increased urinary volume. This observation was not 
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previously unknown, although we were unaware 
of it at the time we undertook this study. Lamson 
and Roca in 1921 demonstrated that when iso- 
tonic saline was infused into animals with hepatic 
arterial occlusion and Eck fistulas, the rate of dis- 
appearance of the infused solutions was reduced 
fourfold as compared to that in normal animals. 
It is happenstance that some 40 years later we 
confirmed this aspect of their work. In summary, 
I think it is fairly important to keep an open 
mind and to recognize that cirrhosis and the 
ascites associated with it probably has more than 
one cause. Certainly mechanical hydrostatic pres- 
sure relationships are important, but we must con- 
sider these in relationship to basic underlying 
physiologic processes. If these can be determined 
and clarified, perhaps we can then select the 
proper operation for a given patient. 
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enewed interest has recently become 
focused upon the manner in which circulat- 
ing tumor-cell emboli are arrested in the 
vascular system and ultimately become overt 
metastases. After histologic studies in man 
and animal, numerous investigators* '* 
have reported in detail upon the sequence 
of events which occurs in this phenomenon. 
Of particular distinction in this regard is the 
work of Wood** in which the fate of blood- 
borne cancer cells was followed in the living 
animal by means of serial microcinematog- 
raphy. From these reports, and from our 
own observations, it seems that almost im- 
mediately after the lodgment of tumor cells 
and prior to the onset of further events in 
their conversion to metastases, such cells be- 
come enmeshed in intravascular thrombi. 
Wood concluded from his experiments that 
the failure of embolic tumor cells to estab- 
lish metastases might well be “related to 
their inability to attach securely to the endo- 
thelium and evoke the formation of a sur- 
rounding thrombus.” 

The necessity of such a clot for develop- 
ment of metastases, while not proved, is also 
suggested by the few reports in which anti- 
coagulants were reputed to retard tumor 
growth and reduce the number of metas- 
tases. Wood and associates mentioned that 
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heparin and dicumarol reduced the _inci- 
dence of lung tumors in Swiss mice injected 
with cells of the Lewis bladder carcinoma 
150 and in C57BL/6 mice inoculated with 
Lewis sarcoma 241 tumor-cell suspensions.”* 
Similarly, Cliffton and Grossi® noted a 
marked reduction in the incidence of metas- 
tases when human plasmin (fibrinolysin) was 
administered to rabbits inoculated intrave- 
nously with V2 carcinoma or Brown-Pearce 
carcinoma-cell suspensions. More recently’ 
they found a reduction in pulmonary metas- 
tases when rats which received human plas- 
min were intravenously injected with Walker 
256 carcinoma cells. Jolles and Greening” 
implanted fragments of sarcoma S37 into 
Balb/C mice and found that if they injected 
heparin at the site of the transplant they 
could reduce the number of “takes.” 

In order to obtain more detailed informa- 
tion concerning the use of anticoagulants in 
metastasis inhibition, during the past 8 
months we resorted to an evaluation of the 
effect of heparin and human plasmin upon 
the development of experimentally induced 
hepatic metastases. 


MATERIALS AND METHODS 


Adult female Sprague-Dawley rats,* which 
weighed 175 to 200 grams, were used to 
evaluate the effect of heparin and plasmin 
upon induced hepatic metastases. ‘They were 
housed in individual cages and permitted 
water and laboratory chowf ad libitum. 


*Holtzman Farms, Madison, Wis. 
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The tumor utilized in this study, the 
Walker carcinoma,* has been propagated in 
our laboratory since January, 1957. The 
technique used to prepare tumor-cell sus- 
pensions, as well as the method of intra- 
portal injection of tumor cells used with rats 
receiving 2,000 and 5,000 U. of plasmin and 
their controls, has already been described in 
detail. Animals in this study were lightly 
anesthetized with ether, subjected to celiot- 
omy, and injected intraportally via a large 
mesenteric vein with 0.5 ml. of saline-plasma 
solution containing 5,000 tumor cells. It was 
not feasible to inject tumor cells in this man- 
ner into animals that were heparinized prior 
to or shortly after their inoculation. The 
mortality rate from hemorrhage consequent 
to laparotomy and venous puncture was 
prohibitive. After the use of numerous varia- 
tions of technique, the experiment was con- 
ducted with a minimum of deaths by inser- 
tion of short lengths of polyethylene tubing 
(PE 50, outer diameter 0.038 inch) via a 
tributary into the portal vein 4 days prior 
to the onset of heparinization and tumor-cell 
injection. The tubes were anchored in place 
by a silk ligature and tunneled subcutane- 
ously to emerge from the back of each ani- 
mal’s neck. Tumor cells (5,000 in 0.5 ml. of 
saline-plasma solution) were injected via the 
tubes into both the animals given heparin 
and their controls. These rats were lightly 
anesthetized with ether during the inocula- 
tion. A similar technique was employed with 
the group which received 1,000 U. of plas- 
min and their controls. 

From preliminary experiments it was 
found that by the subcutaneous injection of 
00 U.S.P. units (7 mg.) of heparin* per 
100 Gm. of body weight at 9:00 a.m. and 
9:00 p.m., the clotting time of animals, as 
determined by the capillary tube method, 
could be maintained continuously over 30 
minutes. All animals which received heparin 
were maintained on this regimen for 2, 4, 
or 7 days. 

Plasmin solutions were prepared immedi- 
ately before use. This was done by dissolv- 
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Fig. 1. Animals heparinized at time of tumor- 


cell injection and maintained on heparin for 2, 
4, and 7 days. 


ing 50,000 U.* in an appropriate volume of 
5 per cent dextrose in water so that 1 ml. 
contained either 1,000, 2,000, or 5,000 U. 
All injections of fibrinolysin were via a femo- 
ral vein which had been exposed by a short 
incision in the groin. With a 27 gauge 
needle, the solution (1 ml.) was injected un- 
der direct vision so that there was no ques- 
tion as to the route of administration. Three 
to 5 minutes were taken to infuse each dose 
of fibrinolysin. 

The fibrinolytic activity of plasma was de- 
termined by the euglobulin fibrinolytic 
method described by Cliffton and Canna- 
mela.® By this procedure the time required 
to lyse a standard clot in a test tube was 
measured. It was also determined by the 
plate method of Astrup* whereby the lysis 
of a preformed clot was observed in a semi- 
quantitative fashion. 


RESULTS 


Effect of heparin (Figs. 1 and 2). The 
injection of heparin 4 hours prior to the in- 
traportal inoculation of 5,000 Walker car- 
cinoma cells and the maintenance of hepa- 
rinization for subsequent 48 hours resulted 
in no significant alteration in the incidence 


*Thrombolysin, Merck Sharp & Dohme. Courtesy of Dr. 
N. H. Schimmel. 
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HEPARIN PRIOR TO 
, TUMOR CELL INJECTION 


° 
— 
99 RATS 46 RATS 
[ CONTROL — 7 DAYS— HEPARIN _ | 
HEPARIN 24 HOURS AFTER 
| TUMOR CELL INJECTION 
ra 
— 
76% » 18%. 
63 RATS 63 RATS- 
| CONTROL —7DAYS — HEPARIN | 


Fig. 2. Comparison of effect of heparinization 
maintained for 7 days when started prior to 
tumor-cell injection and 24 hours after tumor-cell 
injection. 


of hepatic metastasis. When examined 1+ 
days after tumor-cell injection, 81 per cent 
of 57 unheparinized control rats exhibited 
tumor and 74 per cent of the 62 rats 
which had received heparin demonstrated 
metastases. 

If heparinization was continued for 4 days 
instead of 2, a significant difference in the 
incidence of metastases occurred between 
the control and treated groups. Whereas 34 
of 45 (76 per cent) of the former had liver 
metastases, only 13 of 39 (33 per cent) of 
the latter showed such tumor growth. 

Heparin administration for 7 days resulted 
in a striking reduction in the number of 
animals with tumor. With such a regimen 
only 8 of 46 (17 per cent) had liver neo- 
plasm in contrast to 38 of 49 (78 per cent) 
rats in the control group. It was also evident 
that the liver tumors which did grow in the 
animals treated with heparin were smaller 
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and fewer in number than those in the con- 
trol animals. The animals without tumor in 
both the control and treated groups were 
resutured and permitted to survive for an- 
other week, at which time they were re- 
examined. Six of the 11 animals with liver 
tumor at 2 weeks demonstrated metastases, 
while only 4 of the 38 in the heparinized 
group grew tumor during the additional 
week. 

In 63 rats heparin administration was be- 
gun 24 hours after the injection of tumor 
cells and was continued for 7 days. Some 
decrease in the incidence of metastases oc- 
curred, but this was not as pronounced as 
when heparinization was instituted prior to 
tumor-cell injection. Thirty (48 per cent) 
of such heparinized rats had liver metastases, 
while 76 per cent of 63 control animals ex- 
hibited neoplasms. 

In acute experiments heparinized and 
nonheparinized rats were injected via the 
portal vein with 400,000 tumor cells. Almost 
simultaneously a 1 ml. sample of blood was 
aspirated from a hepatic vein between the 
liver and diaphragm. When smears were 
examined for tumor cells, there was no ap- 
parent difference between the number of 
such cells in the blood of heparinized ani- 
mals and the number in the blood of the 
unheparinized animals. 

Effect of plasmin (fibrinolysin). The 
greater the dosage of plasmin employed the 
more pronounced and prolonged was the 
fibrinolytic activity of the euglobulin frac- 
tion of plasma as observed by the time for 
lysis of a standard clot in a test tube (Table 
I) or by the lysis of a preformed clot on a 


Table I. Fibrinolytic activity of the euglobulin fraction of plasma after injection of 


1,000, 2,000, and 5,000 U. of plasmin 


Units of Standard clot lysis time 

plasmin (Time after injection of plasmin) 

injected 15 min. | 30 min. | 1 hr. | 2 hr. | 24 hr. 
0 (control) > 24 hr. ~ 
1,000 1 hr., 14 min. 3 hr., 2 min. 11 hr., 21 min. > 24 hr. > 24 hr. 
2,000 34 min. 2 hr., 7 min. 9 hr., 54 min. 9hr., 5 min. > 24 hr. 
5,000 27 min. 52 min. 1 hr., 58 min. 18 hr. > 24 hr. 


Each value is the average of 3 rats. 


amo 
deve 
injec 
tums 
used 
cells 
Si 
effec 
whic 
ment 
of 18 
with 
later, 
after 
positi 
hand] 
of ple 
liver» 
cent, ; 
As | 
from 
the in 
treate: 
lerenc. 


the 2. 


al 
| je 
me¢ 
4 tw 
aft 
| wa 
of 
36 
= live 
20 
40 
tun 
2 2, 4 
less 
08, 
stra 
mor 


Vclume 50 Factors which influence hepatic metastases. VIII 243 


Number 1 


plate (Fig. 3). Variation occurred from ani- 
mal to animal, and was most pronounced in 
all dosages 1 and 2 hours after plasmin in- 
jection. 

To evaluate the effect of the plasmin 
upon the development of metastases, experi- 
ments were performed with injections of 
1,000, 2,000, or 5,000 U. either just prior to 
tumor-cell injection or 2, 4, and 8 hours 
after (Fig. 4). When 1,000 U. of plasmin 
was injected 15 minutes prior to inoculation 
of tumor cells, 28 of 63 rats (44 per cent) 
demonstrated tumor after 2 weeks, whereas 
36 of 58 control animals (62 per cent) had 
liver metastases. Of the 32 animals receiving 


2,000 U. prior to tumor-cell injection, only - 


4, or 13 per cent, had metastases, whereas 
40 per cent of controls were found to have 
tumor. If 2,000 U. of plasmin was injected 
2,4, or 8 hours after tumor-cell inoculation, 
less of an inhibition resulted. Twenty-seven, 
28, and 30 per cent of such animals demon- 
strated metastases. 

The use of 5,000 U. of plasmin was no 
more effective than the use of smaller 
amounts. While 40 per cent of control rats 
developed metastases, 21 per cent of those 
injected prior to tumor-cell inoculation were 
tumor positive after 14 days. This dosage 
used 2 and 4 hours after injection of tumor 
cells was without effect. 

Similarly, this amount of plasmin was not 
effective in abolishing the stimulative effect 
which liver trauma exerts upon the develop- 
ment of hepatic metastases (Fig. 5). Eight 
of 18 (44 per cent) control animals injected 
with tumor cells had liver tumor 14 days 
later. In 19 the liver was massaged just 
after cell injection and 69 per cent were 
positive. Nineteen others were similarly 
handled, except that they received 5,000 U. 
of plasmin prior to tumor-cell injection and 
liver manipulation. Of these, 13, or 68 per 
cent, also grew tumor. 

As in heparinized rats, blood was aspirated 
lrom the hepatic vein simultaneouly with 
the injection of tumor cells into plasmin- 
treated animals and their controls. No dif- 
lerence in number of cells was apparent in 
the 2 vroups. 


Fig. 3. Example of fibrinolytic activity of the 
euglobulin fraction of plasma 15, 30, 60, and 120 
minutes after administration of 1,000, 2,000, and 
5,000 U. of human plasmin. 
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Fig. 4. Effect upon metastases of 1,000, 2,000, 
and 5,000 U. of human plasmin administered 15 
minutes before and 2, 4, and 8 hours after tumor- 
cell injection. 
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Fig. 5. Effect of human plasmin given prior to 
tumor-cell injection and liver manipulation. 


COMMENT 
Willis*® has suggested that the most critical 


time insofar as the fate of embolic tumor — 


cells is concerned is the period between their 
lodgment and their attainment of an extra- 
vascular position. While the evidence is 
meager, it is convincing that extravascular 
invasion of tumor cells may occur within 
a matter of hours after their introduction 
into the circulation. Warren and Gates** 
found tumor-cell growth beyond pulmonary 
capillaries by 3 hours and established peri- 
vascular growth by 12 hours. Wood,”® using 
a rabbit ear chamber for in vivo study of 
metastasis formation by V2 carcinoma, ob- 
served such invasion as early as 3 hours 
and, rarely, after as long as 48 hours. Re- 
cently Kinsey and associates’® inoculated 


Su? zery 
July 


the Cloudman S91 melanoma into BA 
mice and 36 hours later observed “‘sus- 
pected” extravascular tumor cells. By 48 
hours there was no question of their extra- 
vascular location. 

These data are significant in the considera- 
tion of chemotherapy as an adjuvant to 
cancer operations. It is presumed that the 
greatest effectiveness of chemotherapeutic 
agents so used is upon circulating tumor 
cells or, at least, upon those still confined 
to the vascular system. Indeed, experimental 
evidence suggests that this is so, for when 
McDonald and _ associates’? administered 
nitrogen mustard of triethylene thiophos- 
phoramide (thio-TEPA) shortly after the 
intraportal inoculation of Walker tumor 
cells, marked suppression of metastases re- 
sulted. If, however, the drugs were admin- 
istered 48 hours after injection of tumor 
cells, no such effect occurred. A subsequent 
report by these investigators*° indicated that 
drug ‘administration after as short a time 
as 6 hours was ineffectual. Similarly, Kramer 
and his group’’ noted a decrease in effec- 
tiveness of thio-TEPA in reducing pulmo- 
nary metastases in mice when administered 
more than 6 hours after inoculation with 
sarcoma 37 and after 48 hours when Cloud- 
man S91 melanoma was used. Thus, there 
seems to be a relationship between the effec- 
tiveness of a chemotherapeutic agent and 
the time of extravascular invasion of tumor 
cells.*® 

Our observation that both heparin and 
plasmin given hours after injection of tumor 
cells were less effective than when they were 
administered prior to inoculation suggests 
that anticoagulants hinder the attainment of 
an extravascular position by tumor cells, 
possibly through interference with the initial 
sticking of cancer cells to the vascular endo- 
thelium and/or the formation of intravascu- 
lar thrombi. By use of these agents to pro- 
long the residence of tumor cells within 
blood vessels, perhaps the effectiveness of 
chemotherapeutic agents as adjuvants to 
surgical procedures may be promoted. T his 
possibility is currently being investigated. 

The finding that protracted anticoacula- 
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tion with heparin (4 to 7 days) in contrast 
to shorter therapy was necessary to produce 
striking inhibition of metastatic development 
suggests that tumor cells, though not en- 
meshed in thrombi, may remain entrapped 
and viable in their intravascular position in 
the liver for at least several days and are 
capable of developing into metastases when 
heparin is discontinued. 

After prolonged heparinization and _ pre- 
sumably inhibition of thrombus formation, 
the reduction in metastases may be due to 
(1) loss of viability of the tumor cells, (2) 
a delay in tumor growth under such condi- 
tions, (3) achievement of a dormant state 
by the tumor cells, (4) a dislodgment of 
tumor cells and their transport away from 
the liver, or (5) heparin itself exerting a 
cancerocidal effect. No specific evidence in 
absolute support of any of these possibilities 
is forthcoming from this study, but that 
some of them are unlikely is suggested. It 
was previously reported by us’ that if 
animals were subjected to laparotomy and 
liver manipulation 14 days after intraportal 
tumor-cell injection and re-examined 1 week 
later, a striking number which had had no 
metastases at first examination had them 
at 21 days in contrast to the control rats 
which were not operated upon. This phe- 
nomenon was not observed in the group of 
animals heparinized for 7 days, which sug- 
gests that tumor cells were no longer viable 
or no longer resident in the liver. Multiple 
re-explorations to stimulate the growth of 
dormant tumor cells, such as we have pre- 
viously performed,'® were not carried out. 

The possibility that heparin itself was 
exerting a direct effect upon tumor cells was 
considered. There is some evidence that 
heparin may act as a mitotic inhibitor both 
in vitro’ 2® and in vivo.2#8 Balazs and 
Holmgren,? using an intraperitoneal inocula- 
tion of solid Ehrlich carcinoma, reported a 
‘ight increase in survival time of animals 
When heparin treatment was begun after 
transfer of tumor. More recently, Lippman"’ 
demonstrated a decrease of mitotic index in 
Ehrlich ascites tumor cells after a single, 
but not repeated, injection of heparin. She 
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found no effect on the survival time of 
treated animals. Animals were injected by 
us intraportally and subcutaneously with 
tumor-cell suspensions prepared in a heparin- 
saline solution. Growth of tumor was not 
prevented or delayed. Rats inoculated sub- 
cutaneously with tumor and_ systemically 
heparinized for 7 days likewise seemed to 
grow tumor as proficiently as the untreated 
rats. 

Apparently the effect of heparin was not 
achieved by its interference with the lodg- 
ment of tumor cells in the liver, for metas- 
tases did occur after withdrawal of heparin 
when it had been administered for 48 hours. 
Also, it was found that after tumor-cell 
inoculation no greater number of such cells 
traversed the liver and were to be found in 
the hepatic vein blood of heparinized rats 
than was seen in controls. 

Our results with human plasmin substan- 
tiate the findings of Grossi and colleagues** « 
that this fibrinolytic agent may reduce the 
incidence of metastases. We, however, were 
unable to elicit the dramatic effect which 
they obtained, in spite of the use of much 
larger amounts of plasmin in some instances. 
This may be due in part to the fact that 
their Walker tumor was carried in the ascitic 
form, while ours was a solid tumor. More- 
over, our results pertained to the effect upon 
hepatic metastases, while theirs were con- 
cerned with such growth in the lung. It is 
reasonable to suggest that a difference exists 
in the “soil” of the lung and the liver insofar 
as support of tumor growth is concerned. 

Why a single dose of plasmin, with its 
brief fibrinolytic activity when administered 
prior to tumor-cell inoculation, should be 
effective in inhibiting growth of metastases 
in contrast to the necessity for prolonged 
heparinization is not clear. The variation in 
fibrinolytic response from animal to animal, 
the in vitro measurement of fibrinolytic 
activity by use of the euglobulin fraction 
of plasma with antiplasmin removed as an 
index of in vivo action, the presence of a 
high antiplasmin titre in rat blood, and the 
complexities and incomplete knowledge of 
the fibrinolytic system* all make specula- 
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tion as to mode of action under the condi- 
tions of our experiments unwarranted. 

As with heparin, and as reported by 
Grossi and colleagues'* for plasmin, no direct 
effect of human fibrinolysin upon the via- 
bility of tumor cells could be elicited. It was 
of interest that plasmin failed to interfere 
with the augmentory effect of trauma upon 
metastatic incidence and that it was without 
effect when given several hours after the 
injection of tumor cells. This suggests that 
extravascular migration of such cells may 
occur with rapidity. 


SUMMARY 


During the course of investigation of fac- 
tors which influenced the development of 
experimentally induced hepatic metastases, 
tumor-cell thrombi in intrahepatic portal 
vein radicles were frequently noted. Since 
studies by others suggest the importance of 
such thrombi in the conversion of tumor 
emboli to metastases, it was deemed worth- 
while to evaluate the effect of heparin and 
human plasmin (fibrinolysin) upon the 
“take” and growth of hepatic metastases. 

When 5,000 Walker carcinoma tumor cells 
were injected intraportally into heparinized 
rats and heparinization was continued for 
the subsequent 48 hours, no significant al- 
teration in the incidence of hepatic metas- 
tases resulted. Fourteen days after tumor 
inoculation, 81 per cent of control animals 
and 74 per cent of heparin-treated rats 
demonstrated hepatic tumor. If, however, 
heparinization was maintained for 4 and 
7 days, 33 per cent of the former and only 
17 per cent of the latter had metastases. 
When heparin administration was begun 24 
hours after tumor-cell injection and was con- 
tinued for 7 days, the effect achieved was 
not as striking. Hepatic tumor was observed 
in 48 per cent of such rats. 

The administration of human plasmin 
prior to tumor-cell inoculation inhibited the 
formation of hepatic metastases. When 


2,000 U. was administered, 13 per cent of | 


the animals demonstrated tumor in com- 
parison to 40 per cent in the untreated con- 
trol animals. Injection of fibrinolysin 2, 4, 
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or 8 hours after injection of tumor yas 
ineffectual. 

Consideration is given to the mechanism 
of action of these agents. It is suggested ‘hat 
they hinder the attainment of an extravas- 
cular position by tumor cells. Since there 
seems to be a relationship between the eflec- 
tiveness of a chemotherapeutic agent and 
this extravascular migration, the possibility 
is considered that anticoagulants may pro- 
long the residence of tumor cells within 
blood vessels and thus improve the effec- 
tiveness of chemotherapeutic agents as ad- 
juvants to surgical procedures. 
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DISCUSSION 


Dr. Eugene E. Cliffton (New York, N. Y.). 
This is an excellent piece of work and one that 
is of tremendous importance to us, the surgeons. 
We have all operated on patients with carcinoma 
only to lose the patient shortly thereafter to 
metastases. At present there is a tremendous inter- 
est in tumor cells in the blood, and we are find- 
ing more and more instances in which there are 
cells in the circulating blood even in patients who 
survive for a long time. The important factor is 
how these cells produce metastases and how they 
can be controlled. We have studied the effect of 
anticoagulants on production of pulmonary metas- 
tases. In our original work with VX-2 carcinoma, 
a thromboplastic tumor, we were able to decrease 
the number of pulmonary metastases and with the 
Brown-Pearce carcinoma the rate of liver metas- 
tases was decreased. 

With the Walker 256 carcinosarcoma in rats, 
we were able to decrease the transplantability of 
tumor by subcutaneous injection of blood in 
weanling rats with fibrinolysin and heparin. This 
effect lasted for only 2 hours, the duration of ef- 
fectiveness of a single injection. Using a cecal 
tumor by implantation of Walker 256 cells, we 
were able to determine the effect of manipulation 
of a resectable tumor. With manipulation, there 
was a sharp peak of cells to 6,000 per ml. in the 
blood stream. In 5 minutes this returned to nor- 
mal. With an unresectable tumor, cells are pres- 
ent in the circulation at all times, but manipula- 
tion results in a sharp increase in the number, 
again for only a few minutes. If fibrinolysin or 
heparin is given prior to manipulation the peak 
is much smaller but prolonged in the resectable 
lesion, which indicates that the cells remain in 
circulation. With the unresectable lesions the peak 
is hardly noticeable. The number of “‘takes” with 


subcutaneous inoculation of blood is also much 
less. 
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Regional perfusion of the pelvis: 


consideration of the 


“leakage” problem 


he unique approach of regional per- 
fusion for cancer chemotherapy introduced 
by Creech* is based on the assumption that 
a therapeutically significant drug concentra- 
tion may be maintained in the desired area 
while systemic dosage is kept within safe 
limits. The efficiency of isolation of the ana- 
tomic area to be perfused is of paramount 
importance in the achievement of this aim. 
The purpose of this presentation is to 
examine the phenomenon of “leakage” dur- 
ing regional perfusion in the pelvis, an 
anatomic area that not only offers problems 
in vascular isolation but also will present 
many therapeutic opportunities if this gen- 
eral treatment method proves worthwhile. 
A number of methods have been employed 
for the estimation of mixing between the 
perfusion and systemic circuits. Most of these 
employ an intravascular indicator, such as 
T-1824,° RISA,” or Cr°*-tagged red blood 
cells} and the concentration of this sub- 
stance is measured in intermittent blood 
samples or by external counting from some 
portion of the nonperfused areas.*® Limb per- 
fusion has proved to be well-isolated in such 
studies, primarily because of the ease of 
efficient tourniquet application. Perfusion of 
other anatomic areas, where tourniquet con- 
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trol of collateral blood vessels is not feasible, 
has in general been associated with an un- 
usual degree of cross circulation or “leak- 
age.”! Pelvic perfusion has been a_ prime 
example of such a “high leakage” system be- 
cause of the absence of a cephalad tour- 
niquet. | 

The use of an indicator as described to 
estimate cross circulation between 2 vascular 
circuits initially seemed quite  straightfor- 
ward. We have become increasingly aware, 
however, that the data obtained from such 
studies were extremely difficult to evaluate 
from the standpoint of regional administra- 
tion of chemotherapeutic agents. Without 
attempting to assess the clinical effectiveness 
of this regional treatment method, we would 
like to present some of our observations on 
“leakage” during clinical and experimental 
pelvic perfusion with the extracorporeal 
pump-oxygenator. 


METHODS 


Surgical procedures. The data on conven- 
tional regional pelvic perfusion in man were 
obtained from 7 patients subjected to pelvic 
perfusion by a technique similar to that 
originally described by Creech* and Austen 
and his associates." ‘The aorta and vena cava 
were mobilized at laparotomy and the large! 
collateral vessels controlled by ligature. The 
arterial and venous catheters were inserted 
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retrograde from the groin into the femoral 
artery and saphenous vein. After occlusion of 
the aorta and vena cava, leg tourniquets were 
inflated and circulation of the pelvis carried 
out by means of an oxygenator (97.5 per 
cent oxygen and 2.5 per cent carbon dioxide) 
and 2 Sigmamotor pumps. After our initial 
trials with a disposable bubble oxygenator 

(Abbott), we then employed a small modi- 
fication of the Kay-Cross rotating disc 
oxygenator. Hyperthermia (40° to 41° C.) 
in the perfusion circuit was also utilized. 

Pelvic perfusions were performed on a 
series of 25 dogs by a similar technique. The 
arterial and venous catheters in animals were 
inserted into the lumbar aorta and vena 
cava, distal to the sites of occlusion, and leg 
tourniquets were omitted from this canine 
perfusion system. In most of the experimental 
perfusions and in 3 of the clinical perfusions, 
additional control of collateral flow was 
attempted by means of a paraspinal lumbar 
rubber tourniquet placed behind the ureters, 
colon, and great vessels and passed around 
the posterior muscle mass. The perfusion: 
rates employed in all of these pelvic per- 
fusions were adjusted so that pressure in the 
arterial line of the perfusion circuit was al- 
ways lower than systemic blood. pressure. 

A subsequent modification of the proce- 
dure just described has been carried out in 
6 additional clinical pelvic perfusions and 
10 additional pelvic perfusions in the dog. 
With this method the aorta and vena 
cava are occluded by means of balloon-tipped 
catheters inserted through the groins, as de- 
scribed by Watkins and co-workers,’? and 
collateral flow is controlled by a specially 
constructed, broad pneumatic tourniquet that 
encloses the abdomen. This technique is 
described in detail elsewhere,® but pertinent 
illustrative data from these studies are also 
included in this study. 

Laboratory procedures. The intravascular 
indicators used in these studies were RISA 
or the subject’s red blood cells tagged with 
Cr"? For comparative studies and K* 
were also used to study the mechanics of 
mixing of nonmetabolized substances with 
‘xtravascular distribution. Radioactivity of 
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1 ml. samples of heparinized whole blood 
(Cr°*, K*?) or plasma (RISA, Na**) were 
determined in duplicate with a well scintilla- 
tion counter. When 2 isotopes were utilized 
simultaneously, the radioactivity in respect 
to the individual isotopes was calculated 
from 2 separate determinations spaced 1 day 
apart. The differences in “half-life” of the 


isotopes concerned were then used to de- 
termine the proportion of each isotope in 
the samples. 

cpm: ~ fy (cpmo) 

fx - fy 

Formula II: cpm.y = cpm. - cpmox 


Where: x = Isotope of longer half-life. 
y = Isotope of shorter half-life. 


Formula I: cpm.x = 


cpm> Original (Day 1) total net 
counts per minute. 
cpmt = Day 2 total net counts per 
minute. 
fx = Decay factor for isotope x.* 
fy = Decay factor for isotope y.* 


*To determine fx and fy: 
cpmt (x standard) 
allies cpmo (x standard) 


cpmt (y standard) 
cpmo (y standard) 


fy = 


The concentration of Methotrexate in 
plasma samples was determined micro- 
biologically by a modification of the tech- 
nique described by Burchenal and_ col- 
leagues. The plasma concentration of 5- 
fluorouracil (FU) and 5-fluoro-2-deoxy- 
uridine (FUDR) was determined either 
spectrophotometrically or by microbiologic 
assay employing Streptococcus faecalis (SFO) 
in a modified assay media as developed by 
Flynn,® or by both methods simultaneously. 
FU and FUDR were separated electro- 
phoretically prior to microbiologic assay 
when indicated. 

Procedures for study of loss from _per- 
fusion circuit. In most of these studies of 
leakage the isotope (Na*‘, K*?, RISA, or 
Cr°'-tagged red blood cells) was mixed thor- 
oughly with the fresh heparinized blood prior 
to its use for priming the oxygenator. In 
studies in which an intravascular indicator 
was introduced into the systemic circuit, it 
was given intravenously at the onset of the 
actual perfusion. Drug administration was 
carried out through the arterial line of the 
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Fig. 1. Data obtained during typical clinical 


pelvic perfusion by standard technique (see inset). 
Cr5l-tagged red blood cells in perfusion circuit 
and serial blood samples taken from systemic 
circuit (arm) and perfusion circuit. Leakage is 
expressed both as per cent loss and concentration 
ratio. 


PERFUSION STARTED (WITH Cr°! END 
IN PERFUSION CIRCUIT) 


ISA IN ARM VEIN 


R 
SYSTEMIC CIRCUIT 


104 
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Fig. 2. Simultaneous measurement of leakage into 
and out of the perfusion circuit during a clinical 
pelvic perfusion similar to that in Fig. 1. 


Surg: y 
July 191 


extracorporeal system after adequate fu:c- 
tion of the artificial circulation had been 
established (usually within 5 minutes of on- 
set of the actual perfusion procedure). [n 
our early studies the arterial line of the 
oxygenator system was used for obtaining 
samples of the perfusion circuit, but in all 
subsequent studies the venous line has been 
employed as a source of perfusion circuit 
measurements. Peripheral or systemic circuit 
measurements were carried out on samples 
obtained from a Lindeman needle in an 
antecubital vein in patients undergoing per- 
fusion and from carotid artery catheters in 
the dog. 


OBSERVATIONS 


During the course of our study of pelvic 
perfusion we have been concerned with the 
therapeutic implications of leakage as it is 
usually measured. From our modest experi- 
ence with this form of regional perfusion, an 
attempt will be made to discuss (1) means 
of expressing the degree of cross circulation, 
(2) possible significance of such measure- 
ments in regard to localization of chemothera- 
peutic agents, and (3) efforts to improve 
anatomic isolation of this strategic area. 

Means of expressing leakage. The graph 
in Fig. 1 is an example of the type of mixing 
curve that is obtained during a_ typical 
clinical pelvic perfusion (Cr*!-tagged red 
blood cells were placed in the perfusion 
circuit.) A relatively simple means of de- 
scribing the changes that occur is to com- 
pare the concentrations of Cr*!-tagged red 
blood cells in the 2 circuits by “concentration 
ratios.” However, since we are interested in 
the percentage loss of the chemotherapeutic 
agent placed in the perfusion circuit, it is 
tempting to calculate the percentage loss of 
Cr*'-tagged red blood cells from the per- 
fusion circuit. Such a calculation should be 
quite simple since the concentration of the 
indicator in the systemic circuit as well as 
the total quantity of indicator originally 
placed in the perfusion circuit are known. 

The formula that can be utilized for ac- 
cumulated per cent leakage of Cr*!-tagged 
red blood cells at time t is: 
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% leakage Cr°!-tagged R.B.C. = 
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c.p.m./c.c. R.B.C. (time t) x volume systemic circuit RCM 


x 100 


total c.p.m. (Cr®°!) injected into perfusion circuit 


The missing quantity for this calculation 
is the volume of the systemic circuit outside 
of the actual area of perfusion. This can be 
estimated as suggested by Austen’ but this 
introduces a rather inaccurate quantity into 
the calculation. 

If it is assumed that the net loss of blood 
from the perfusion circuit is equal to the net 
quantity of blood passing from the systemic 
to the perfusion circuit, the relative volumes 
of the systemic and perfusion circuits can be 
calculated from the curves shown in Fig. I. 
For example, data on Cr*! concentrations in 
the 2 circuits at 15 and 60 minutes could 
be introduced into 2 simultaneous equations 
with the systemic and perfusion circuit 
volumes as the 2 “unknowns.” These equa- 
tions can then be solved for the volume 
relationship between the circuits. In this in- 
stance, the perfusion circuit (including the 
oxygenator) was found to be equal to 0.51 
times the systemic circuit. The total blood 
volume (above thigh tourniquets) was de- 
termined preoperatively and found to be 
4,200 ml. By these calculations the systemic 
circuit volume was found to be 3,350 ml. 
The per cent of the original isotope lost 
from the perfusion circuit at time t could 
then be calculated. In this patient, 49 per 
cent of the total isotope had been lost from 
the perfusion circuit by 30 minutes, and by 
the end of the perfusion the loss was 59 per 
cent. This approaches almost complete 
mixing of the 2 circulations as can be seen 
in Fig. 1. 

These calculated values for per cent loss 
from the perfusion circuit in this patient, as 
well as the concentration ratios (perfusion- 
systemic), are similar to those found in most 
clinical pelvic perfusions although there is 
some degree of variability. Of 7 pelvic per- 
fusions in which similar studies were made, 
the median values for concentration ratios 
were 4:1 (3.2 to 5.2:1) in 15 minutes, 2.2:1 
(1.7 to 2.7:1) at 30 minutes, and 1.5:1 
(1.1 to 1.8:1) at 60 minutes. All of these 


data describe the loss of intravascular isotope 
from the perfusion circuit into the active 
systemic circuit. 

The transfer rate of isotope from the 
systemic circuit into the perfusion circuit 
usually occurs at a similar rate in such poorly 
isolated systems. Fig. 2 demonstrates this by 
showing the data from a clinical pelvic per- 
fusion in which another intravascular isotope 
(RISA) was added to the systemic circuit 
and measurements of both Cr°!-tagged red 
blood cells and RISA in the 2 circuits 
carried out simultaneously. When regional 
isolation of an anatomic area is markedly 
improved so that few collateral channels are 
available for transfer, other factors may lead 
to marked disproportion in flow rates in and 
out of the perfusion circuit. Fig. 3 is a good 
example of this phenomenon in a perfusion 
in which the isotope (RISA) was introduced 
into the systemic circuit. This pelvic per- 
fusion system shows no dilution of systemic 
blood by the perfusion blood at any time, 
despite increasing radioactivity in the per- 
fusion circuit. This indicates a steady flow 
of blood jnto the perfusion circuit with little 
or no loss, a situation which obviously can- 
not persist for long periods. 

The calculation outlined for determination 
of the percentage loss from the perfusion cir- 
cuit depends on knowledge of the systemic 
blood volume outside the perfusion circuit. 
This calculated volume is based on equations 
which assume that (1) transfer out of and 
into the perfusion circuit occurs at a rela- 
tively constant rate, and (2) the volumes of 
the individual circuits remain constant 
throughout the perfusion procedure because 
of equal transfer into and out of the per- 
fusion circuit. However, it has become quite 
clear from subsequent studies that neither of 
these 2 assumptions is uniformly valid. Data 
from systemic circuit samples in the 10- to 
30-minute period in Fig. 1 demonstrates this 
variability in rate of transfer into the systemic 
circuit, and we have noted more striking 
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Fig. 3. Data obtained during experimental pelvic 
perfusion utilizing an abdominal pneumatic 
tourniquet to control losses through collateral 
vessels. Indicator (RISA) placed in systemic cir- 
cuit and data demonstrate small loss into per- 
fusion circuit but no transfer from perfusion 
circuit into systemic circuit. 


changes in rate of transfer in other studies. 
In addition, the virtual volume of the per- 
fusion circuit can actually vary in the pelvis 
itself by vasomotor changes in the vessels, 
and the volume of reservoir frequently can- 
not be maintained at a steady level during 
perfusion. This is particularly true of the 
better isolated perfusion systems as dispro- 
portionate transfer rates are more likely to 
occur. 

In addition to requiring 2 assumptions 
that are frequently false, this calculation of 
per cent loss has the error produced by re- 
entry of indicator after its initial escape from 
the perfusion circuit. There may also be 
differing rates of equilibration of the various 
indicators within the individual circuits. For 
all these reasons, most of the comparative 
data to be presented on other drugs or indi- 
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cators will be expressed as ratios of the con- 
centrations of these substances in the 2 
circuits. This means of expression requires 
less “compounding” of the actual data ob- 
tained and, for anatomically similar systems, 
such concentration ratios appear to be a valid 
means of demonstrating differences. ‘This 
simple means of describing the data does 
not give a quantitative estimate of the 
amount of isotopic material lost from the 
regional circuit, but consideration of subse- 
quent data with substances of larger volumes 
of distribution demonstrates that accurate 
quantitation of loss of intravascular isotope, 
even if possible, would not even give an 
approximation of the drug dosage to the 
systemic or nonperfused circuit. 

What do leakage measurements mean? 
The volume of distribution of the different 
chemotherapeutic agents, the relative con- 
centrations in or outside the cells, the rates 
of metabolism, and the renal excretion of 
the agents will all lead to errors in estima- 
tion of drug loss solely on the basis of the 
systemic concentration measurements, For 
these reasons, we attempted a study to com- 
pare the leakage of purely intravascular 
isotopes (RISA and Cr°!-tagged red blood 
cells) with nonmetabolizable radioactively 
tagged ions of larger distribution patterns. 
Na?*, which diffuses into the extracellular 
space, seemed an ideal indicator for such a 
study. 

Data from a pelvic perfusion in the dog 
in Fig. 4 in which both Na** and Cr" red 
blood cells were added to the perfusion cir- 
cuit demonstrate a greater concentration 
gradient from the perfusion to the systemic 
circuit for the extracellular isotope (Na**) 
than for the intravascular isotope (Cr°’- 
tagged red blood cells). In 3 dogs the trans- 
fers of Cr®!-tagged red blood cells and Na” 
were studied simultaneously and in 2 addi- 
tional dogs these comparisons were made be- 
tween RISA and Na* (Figs. 5 and 6). In 
each instance, the concentration ratios be- 
tween the 2 circuits were consistently greater 
for Na** than for the intravascular isotope. 
Since the volume of distribution of Na” in 
the systemic circuit is essentially 4 times that 
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of the plasma, it still seemed possible that 
the total loss of isotope might be greater for 
Na** than for Cr°'-tagged red blood cells or 
RISA. The comparison of total loss for the 
2 isotopes used simultaneously in the same 
experiment was therefore expressed as a ratio 
by the formula: 


Loss R.B.C. 
Loss Na24 


Cr5l c.p.m./c.c. R.B.C. 
Total dose Hct* 


c.p.m./c.c. plasma x 4 “T-Het 
Total dose 


*With simultaneous study of RISA and Na*™ the same 


formula can be used except for omission of the factor 
Het 


1-Het 


The actual volume of the systemic circuit 
does not need to be calculated for this com- 
parison as described in the previous calcula- 
tions, since this type of ratio only expresses 
the total loss of Cr*'-tagged red blood cells 
in relation to the total loss of Na**. Despite 
the difference in volume of distribution of 
the 2 isotopes, the total loss of RISA or 
Cr°'-tagged red blood cells was always 
greater than the total loss of Na**, and this 
difference increased with time (Table I). 

When the radioactive isotope of potas- 
sium (K**) was studied simultaneously with 
Cr*!-tagged red blood cells, it was found that 
the concentration gradient between the 2 
circuits was even greater for K*? than it was 
for Cr! (Fig. 7). Undoubtedly, complete 
equilibration of the K*? did not occur within 
the perfusion circuit during this time, but 
the ratio of concentrations in the 2 circuits 
was, nonetheless, strikingly different. 

In view of the data which demonstrated 
greater concentration gradients and smaller 
losses between the circuits with isotopes of 
larger volumes of distribution than the 
vascular tree, it seemed wise to study the 
ratio of concentrations of chemotherapeutic 
agents between the circuits. It can be seen 
in Table II that the ratios of concentrations 
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of drug between the 2 circuits were consider- 
ably greater than were found with either 
Na**, RISA, or Cr**-tagged red blood cells. 
This is also shown graphically in Figs. 5 
and 6. In these studies, the role of urinary 


_ excretion of the agent from the systemic 


circuit was eliminated by clamping both 
ureters during the experimental perfusion. 
In these experiments, Methotrexate demon- 
strated concentration ratios between the 2 
circuits almost identical to the concentration 
ratios obtained with Na** (Fig. 5 and Table 
II). This is not surprising in view of the data 
presented by Freeman’ which demonstrated 
the volume of distribution for Methotrexate 
to be approximately that of the extracellular 
space. Almost total recovery in the urine of 
an intravenous dose also suggests minimal 
metabolism of the drug by the tissues. The 
fluorinated pyrimidines (FU and FUDR) 
showed much greater concentration ratios 
between the circuits than was noted with 
Na** (Figs. 4 and 6 and Table II). This can 
probably be explained by published data 
which demonstrate distribution of FU in the 
total body water* after intravenous injection. 
All of these studies with radioactive indica- 
tors or drugs seemed to demonstrate that the 
volume of distribution of the substance con- 
cerned played a major role in its quantitative 
rate of loss from the perfusion circuit. 

The role of the volume of distribution of 
a chemotherapeutic agent or radioactive 


Table I. Experimental pelvic perfusion 
(dogs): comparison of total loss from 
perfusion circuit of 2 isotopes with intra- 
vascular (RISA or Cr*'-tagged red blood 
cells) and extracellular (Na**) volumes of 
distribution 


Total loss of RISA or 
Cr°!-tagged R.B.C. 


Dog |Isotopes studied Total loss of Na*# 
No. | simultaneously | 20-30 min. | 60 min. 
700 Na?4, Cr51 2.75 3.03 
833 Na?4, Cr51 1.56 1.65 
398 Na?4, Cr51 1.41 — 
384 Na?*#, RISA 1.59 1.97 
315 Na?4, RISA 1.34 1.47 
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Fig. 4. Comparison of concentrations in perfusion 
and systemic circuits of Cr>!-tagged red blood 
cells, Na24, and FUDR during experimental pelvic 
perfusion (dog). 


isotope being studied in the postperfusion 
“flush” procedure was also of interest. For 
purposes of comparison of the efficiency of 
the indicator-free “flush,” the residual con- 
centration of the substance in question was 
expressed as a per cent of the “preflush” 
concentration (Table III). In each of 3 ex- 
periments on dogs, the effectiveness of the 
“flush” with 1 L. of dextran was greater 
for the intravascular isotope than it was for 
the extracellular isotope. The ability of this 
procedure to clear the fluorinated pyrimi- 
dines from the perfusion circuit was definitely 
less than the ability to clear the circuit of 
Na**. The data obtained for Methotrexate 
in this regard were actually quite similar to 
those obtained with Na**. Data from the 
same procedure in 4 patients subjected to 
pelvic perfusion (Table IV) also show a 
greater residual drug concentration and less 
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efficient clearing of the perfusion circuit the», 
was noted with the intravascular isotop:. 
While the total loss of these agents durin: 
the perfusion is less than expected from tlic 
usual studies of intravascular isotopes, tlic 
proportion of the original dose that remaiis 
in the local area after perfusion and tiie 
clearing procedure is completed is apparently 
much greater than would be expected from 
data with RISA or Cr°?. 

Efforts to improve regional isolation of 
the pelvis. After initial experience with the 
standard procedure for pelvic perfusion, we 
became very dissatisfied with the degree of 
regional isolation that was achieved. In an 
attempt to improve this in our pelvic per- 
fusions in dogs, we utilized a_ transverse 
laparotomy incision and applied a rubber 
tube tourniquet to the entire paraspinal 
muscle group. This tourniquet was placed 
behind the ureters, colon, aorta, and vena 
cava at the level of the major vessel occlu- 
sion. As can be seen in Fig. 8, this did im- 
prove the degree of vascular isolation to some 
extent. There was great variability in the 
leakage measurements, however, despite uni- 
formly vigorous attempts to ligate all visible 
collaterals and apply the tourniquet as firmly 
as possible. Fig. 9 demonstrates the wide 
range of concentration ratios obtained in 20 
dogs subjected to pelvic perfusion in this 
manner. The median values for concentra- 
tion ratios between the perfusion and systemic 
circuits were 14 to 1 in 15 minutes, 6.8 to | 
in 30 minutes, and 5.4 to 1 in 60 minutes. 
Despite the variability in degree of isolation 
achieved by this technique, we then applied 
a rubber tube tourniquet in a similar fashion 
to 3 patients during pelvic perfusion. Place- 
ment of the tourniquet in man was less 
satisfactory because of elevation of the 
tourniquet by the projecting bodies of the 
lumbar vertebrae. This technical problem 
seemed to be overcome by placement of 
multiple laparotomy pads in each lumbar 
gutter to achieve a more cylindrical mass 
for the tourniquet, but all 3 patients had 
mixing curves at the time of perfusion that 
were almost identical to those obtained with 
the standard procedure. This, then, was no 
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Table II. Experimental pelvic perfusion (dogs): comparison of concentration ratios 
(perfusion/systemic) of isotopes and drugs studied simultaneously 
Concentration ratio 
Dog No. Indicator and drug 15-20 min. 30 min. | 40 min. 60 min 
315 Na?4 — 11.0:1 
RISA 9.3:1 4.7:1 
5-FU 95:1 104:1 
F102 Cr°1-tagged R.B.C. 20:1 5.7:1 45:1 
FUDR 432:1 57:1 53:1 
F103 Cr*!-tagged R.B.C. 7.524 6.1:1 S521 
FUDR 192:1 198:1 186:1 
700 Na?# 29.9: 1 18.3:1 10.8: 1 
Cr*!-tagged R.B.C. 11.9:1 9.7: 1:1 
FUDR 658: 1 453:1 86.7: 1 
312 Na?! -- 14.1:1 11.0:1 
Methotrexate 15.3:1 11.8:1 
Table III. Experimental pelvic perfusion (dogs): effectiveness of terminal “flush” 
of perfusion circuit (1,000 ml. dextran) 
Residual 
G 
Concentration in venous line of perfusion circuit 
Dog No. drug Before flush After flush tion) 
700 Na?# 5.27 x 103 c.p.m./ml. 7.92 x 102 c.p.m./ml. 15 
8.24 x 103 c.p.m./ml. 9.11 10? c.p.m./ml. 11 
FUDR 520 y/ml. 200 y/ml. 38 
E315 Na?4 2.02 x 104 c.p.m./ml. 4.03 x 10° c.p.m./ml. 20 
RISA 1.62 x 104 c.p.m./ml. 3.91 x 102 c.p.m./ml. 2 
5-FU 447 y/ml. 218 y/ml. 49 
E312 Na?4 1.58 x 104 c.p.m./ml. 5.82 x 10° c.p.m./ml. 37 
RISA 2.34 x 104 c.p.m./ml. 2.78 x 103 ¢.p.m./ml. 12 
Methotrexate 20 y/ml ; 7.6 y/ml. 38 
Table IV. Effectiveness of terminal “flush” of pelvic perfusion circuit in patients 
(1,500 ml. “drug-free” blood) 
Residual 
(as % of 
Plasma concentration (venous line perfusion circuit) 
Patient drug Before flush After flush tion) 
L.C. RISA 1.08 x 105 c.p.m./ml. 3.76 x 108 c.p.m./ml. 3.5 
Methotrexate 112 y/ml. 10 y/ml. 8.9 
M. S. RISA 3.77 x 104 c.p.m./ml. 8.05 x 102 c.p.m./ml. 2.1 
Methotrexate 260 y/ml. 18 y/ml. 7.0 
Vie RISA 1.16 x 104 c.p.m./ml. 2.0 x 103 ¢.p.m./ml. 17.2 
FUDR 2675 y/ml. 860 y/ml. 32 
M. G. RISA 1.53 x 104 c.p.m./ml. 2.40 x 103 c.p.m./ml. 16 
FUDR 1975 y/ml. 680 y/ml. 34 
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Fig. 5. Comparison of concentrations in perfusion 
and systemic circuits of RISA, Na?*, and Metho- 
trexate during experimental pelvic perfusion 
(dog). Note similarity of concentration gradients 
of Na2?* and Methotrexate. 
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Fig. 6. Comparison of concentrations in perfusion 
and systemic circuits of RISA, Na‘, and 5- 
fluorouracil during pelvic perfusion in dog. 
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improvement on the clinical procedure as 
originally outlined. 

In view of the fact that a major problem 
in regional isolation of the pelvis seemed to 
be the absence of an efficient cephalad 
tourniquet, a large pneumatic tourniquet was 
then applied to the entire abdomen of the 
dog and perfusion carried out after lumbar 
aortic and vena caval occlusion had been 
produced by balloon-tipped catheters. ‘This 
method did improve the vascular isolation 
during regional perfusion as shown in Fig. 
3. After a number of preliminary trials in the 
laboratory, this general isolation method has 
been applied to pelvic perfusion in 6 patients 
(Fig. 10). Anatomic isolation was virtually 
complete in 5 of these 6 patients; in 1 
patient the reason for poor isolation was a 
technical error in placement of catheters. 
The limiting factor in this procedure has 
been the evidence of ischemia in the liver 
from prolonged intraperitoneal pressure, but 
it is hoped this problem may be solved by 
the use of hypothermia. Our preliminary ex- 
periences with this technique will be de- 
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Fig. 7. Comparison of concentrations in perfusion 
and systemic circuits of Cr5!-tagged red hlood 
cells and K*42 during pelvic perfusion in dog. 
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Fig. 8. A study of efficiency of isolation of experimental pelvic perfusion 


30 


with Cr51, Graph on left demonstrates typical data obtained with simple 
occlusion of lumbar aorta and vena cava with perfusion distally. Graph on 
right demonstrates improvement in isolation produced by addition of 


scribed in more detail elsewhere,* but the 
idea is presented here as a possible solution 
to the problem of isolation of collateral 
vessels in pelvic perfusion. 


COMMENT 


These studies have given us a different 
concept of partially isolated systems of re- 
gional perfusion. Although there is an inter- 
stitial fluid interface between the perfusion 
circuit and the remainder of the body, the 
transfer rates of nonvascular isotopes that 
were observed indicate that the transfers do 
occur entirely or almost entirely through 
vascular channels. Probably only the portion 
of the isotope or chemotherapeutic agent that 
is in the plasma carries on a significant de- 
gree of mixing with the tissues to be pro- 
tected. The volume of distribution of the 
agent in the perfusion, as well as its rate of 
incorporation in the cells or in the metab- 
olism of the tissues perfused, appears then to 
be of much greater import in determining 
expected drug loss than is estimation of 
vasci:'ar leakage (Fig. 11). In pelvic per- 


paraspinal rubber tourniquet (see inset). 
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Fig. 9. Marked variability in efficiency of isola- 
tion achieved during experimental pelvic perfusion 
with a uniform technique. Data from 20 per- 
fusions compared by means of concentration ratios 
between perfusion and systemic circuits. 
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ARTERIAL PUMP 


Fig. 10. Diagram of clinical pelvic perfusion method utilizing abdominal 


pneumatic tourniquet. 


SYSTEMIC CIRCUIT 


.| PELVIC PERFUSION CIRCUIT 


NON-OCCLUDED (COLLATERAL) 
CROSS-CIRCULATION BETWEEN 


Fig. 11. Diagrammatic concept of factors which affect concentrations of 
intravascular indicator (Cr®!-tagged red blood cells or RISA) and a 


CIRCUITS 
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chemotherapeutic agent in perfusion systemic circuits when isolation is 


incomplete. 


fusion, a rapidly fixed or metabolized agent 
such as nitrogen mustard may be the prefer- 
able agent, but antimetabolites might be 
more effectively used in high leakage systems 
than intravascular isotope studies would lead 
us to believe, in vierv of their extravascular 
distribution. The inefficiency of clearing of 


the circuit of these agents at the end of the 
perfusion may even be a more limiting factor 
with this technique than losses which occur 
during the perfusion itself. What appears to 
be a rapidly mixing system still has many 
possible advantages from the standpoint of 
regional chemotherapy. Efforts to improve 
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isolation similar to those presented should be 
continued, however, in view of the great 
therapeutic opportunity this 
anatomic area. 


unique 


SUMMARY 


Data on losses (or leakage) during clin- 
ical and experimental pelvic perfusion have 
been presented. An effort has been made in 
these studies to determine the relationship 
between the findings with various isotopes 
and the behavior of chemotherapeutic agents 
in these systems. It was found that the 
volume of distribution of the substance con- 
cerned was a primary factor affecting leak- 
age. In view of the significantly smaller 
losses of isotopes and agents that had extra- 
vascular distribution, intravascular samples 
(Crt or RISA) did not accurately reflect 
the transfer of specific chemotherapeutic 
agents. These studies also demonstrated less 
efficient clearing of drugs from the _per- 
fusion circuit by the “terminal flush” than 
could be accomplished with the intravascular 
isotopes. The therapeutic implications of 
these studies, as well as procedures employed 
to improve anatomic isolation, have been 
discussed. 


We appreciate the help and encouragement of 
our colleagues R. J. Booher, R. Brasfield, D. 
Karnofsky, C. J. McPeak, H. T. Randall, and P. 
Vanamee. We are also indebted to W. Brown, M. 
Hood, E. Masle, and A. M.-O’Connor for techni- 


cal assistance. 
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Abdominal perfusion for cancer 


chemotherapy with 
hypothermia and 
hyperthermia 


I echniques for perfusion of certain body 


areas, including the pelvis, were first de- 
scribed by Creech and his associates? in 
1958. A technique for abdominal and liver 
perfusion was first described by Shingleton'® 
in 1959. An integral part of the procedure 
for abdominal and liver perfusion was the 
use of general body hypothermia (31° to 32° 
C.) outside of the perfused area to protect 
bone marrow, combined with hyperthermia 
(38° to 39° C.) of tissues within the per- 
fused area to enhance drug action. Since iso- 


lated pelvic perfusion has been found by — 


Stehlin'* to be associated with a relatively 
large “circulatory leak,’ hypothermia and 
hyperthermia, as used in abdominal per- 
fusion, have been made a part of the tech- 
nique in pelvic perfusion. This report con- 
cerns a further description of the use of tem- 
perature differential in localized body areas 
as an adjunct to abdominal and pelvic per- 
fusion for cancer chemotherapy. 


METHOD 


The circulatory isolation of the abdominal 
visceral area during perfusion consisted of 
cannulation of the abdominal aorta and in- 
ferior vena cava via femoral vessels and 
clamping of the aorta and vena cava just 
above the diaphragm through a right 
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thoracotomy.? Tourniquets were applied to 
the upper thighs. 

The perfusion unit consisted of a dual 
channel, independently variable torque con- 
version Sigmamotor pump, a _ Travenol 
bubble oxygenator into which blood and 100 
per cent oxygen were pumped, a Harrison- 
Brown heat exchanger, a bubble trap, and 
4 blood filters that were included in the 
circuit to remove fibrin clots. A rotameter 
(flowmeter) was used to record perfusion 
flow, and systemic arterial and _ perfusion 
arterial pressures were measured by Statham 
strain gauges connected to an Offner 
recorder. 

After induction of general anesthesia, gen- 
eral body hypothermia to 31° to 32° C. was 
produced by use of a Therm-O-Rite blanket. 
Tourniquets on the upper thighs were in- 
flated. The extracorporeal circulation unit 
was primed with 1,500 ml. of heparinized 
donor blood. This blood was heated to 41° 
to 42° C. by circulation through the heat 
exchanger. After occlusion of the aorta, vena 
cava, and azygos vein, the blood in the extra- 
corporeal unit was perfused through the 
abdominal area for a period of 20 to 30 
minutes. One of the alkylating agents was 
introduced either in divided doses at 5- 
minute intervals into the inflow catheter of 
the perfusion circuit or mixed in the blood 
in the circulation unit. The drugs used were 
either A-139, 1.0 to 3.0 mg. per kilogram, 
Cytoxan, 40 mg. per kilogram, t-phenyl- 
alanine mustard, 2 mg. per kilogram, oF 
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nitrogen mustard, 0.75 mg. per kilogram.* 
After conclusion of the perfusion, 1,000 ml. 
of blood were then “flushed” through the per- 
fused area. Occlusion of the aorta and vena 
cava was released, catheters were removed 
from the femoral vessels, and these vessels 
repaired. 

For pelvic perfusion, the abdominal aorta 
and vena cava were clamped just above the 
bifurcation. The femoral artery and vein 
were cannulated. Tourniquets were placed 
around the upper thighs. All other aspects 
of the procedure were the same as with ab- 
dominal perfusion. 


RESULTS 


Twenty-five patients with advanced ab- 
dominal or pelvic malignancies have under- 
gone perfusion. The data on patients who 
have had abdominal perfusion are shown in 
Table I. The data on patients who have had 
pelvic perfusion are shown in Table II. 

Figs. 1 and 2 depict the differences in 
tissue temperature used within the perfused 
segment and outside of the perfused area 
during abdominal and pelvic perfusions. 

There was no immediate operative death. 
Death has not occurred because of bone 
marrow depression. One patient who had 
pelvic perfusion with A-139, 3 mg. per kilo- 
gram of body weight, for advanced car- 
cinoma of the cervix, developed partial 
bilateral sciatic nerve paralysis that has 
persisted for 2 months after the procedure. 
In retrospect, this was thought to be due to 
an excessive dosage of A-139 for pelvic per- 
fusion under these conditions. A majority of 
the patients had advanced disease at the time 
of perfusion. Death after perfusion has been 
due to further spread of the disease. Reduc- 
tion in tumor size has been observed in some 
patients. Most of the patients have had 
rather pronounced relief from pain after the 
procedure. A sufficient number of patients 
with similar tumor types and extent of dis- 


*A-139 is 2, 5-diethylenimino-3, 6-bis (2 methoxyethoxy) - 
1, 4-benzoquinone; Cytoxon is N, N-bis (f-chloroethyl)- 


N’, O-propylene phosphoric acid ester diamide monohy- 
drat; L-phenylalanine mustard is 3-[p-(Bis {2’-chlorethyl} 
ami) phenyl] - L-alanine; and nitrogen mustard is 
met! yl - bis ($-chloroethyl) amine. 
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ease is not yet available for evaluation of 
the effect of the procedure on survival time. 


COMMENT 


The evidence for the protective effect of 
hypothermia on bone marrow exposed to 
alkylating agents comes from 4 sources, (1) 
theoretical considerations, (2) animal sur- 
vival experiments, (3) radioisotope studies, 
and (4) clinical results. 

Theoretical considerations. A theoretical 
basis for the protection may be derived from 
the temperature coefficient of the alkylating 
process itself. For example, with nitrogen 
mustard, Bergel' has observed a temperature 
coefficient of 2 for each 10-degree change. 
Schmahl* and Woodhall™* have found that 
the lethal effects of alkylating agents on ex- 
perimental animal tumors are significantly 
increased with increases in incubation tem- 
perature. It was on this basis that Wood- 
hall** introduced the technique of heating 
the perfused blood during perfusion of the 
head and neck region. Increase in blood 
viscosity, which occurs with hypothermia,* 
may alter the volume and pattern of blood 
flow through cooled tissues and result in less 
contact of alkylating agent with sensitive 
bone marrow. 

Animal survival experiments. Shingleton"’ 
reported a significant protection against 
bone marrow depression and death from 
lethal doses of nitrogen mustard when dogs 
were cooled to 31° to 32° C. prior to ad- 
ministration of the drug. The mortality rate 
was 9 per cent in a group of 11 dogs under 
hypothermia, as compared to 90 per cent in 
a control group of 11 dogs at normal body 
temperature. Histologic studies of bone mar- 
row from these animals showed a specific 
protective effect of hypothermia, possibly 
related to alterations of blood flow which oc- 
curred with cooling. 

Radioisotope studies. Using P**-labeled 
thio-TEPA, Rochlin? has shown a decrease 
in drug uptake in tissue of the hind leg of a 
dog during hypothermia (80° F.) and an 
increased uptake during hyperthermia (101° 
F.). We recently have used C™ ethyl—labeled 
nitrogen mustard during abdominal per- 


| 
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fusion in dogs.'* In these experiments, to be 
reported in detail later, 15 we of C'™ ethyl-— 
labeled nitrogen mustard was introduced in- 
to the perfusion circuit. It was found that 
the leak into areas outside the perfused seg- 
ment was significantly diminished when the 
nonperfused tissues were cooled to 31° to 
32° C. It has been suggested that this effect 
possibly is related to an increase in blood 
viscosity that occurs with tissue cooling. 
Furthermore, it was found that “circulatory 
leak,” as measured with the I'*!-labeled 
albumin technique, and “drug leak,’ as 
measured by C"-labeled nitrogen mustard, 
are significantly different when these sub- 
stances are introduced simultaneously into 
the perfusion circuit of an animal under- 
going abdominal perfusion. In this study, the 
circulatory leak was estimated to be 35 per 
cent and the drug leak was estimated to be 
15 per cent during 20 minutes of perfusion. 
The extent of drug leak will depend to a 
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great extent upon the speed of reactivity of 
the specific drug used in perfusion. The |ak 
with nitrogen mustard, a highly reaciive 
compound, would be much less than with 
longer acting agents such as Cytoxan. Anal- 
ysis of intestinal and liver tissue samples for 
radioactivity showed a decrease in uptake 
of the labeled nitrogen mustard when these 
tissues were cooled to 31° to 32° C., and an 
increase when the tissues were warmed to 
39° C. 

Clinical results. The results of abdominal 
and pelvic perfusion, combined with differ- 
ential temperature control of restricted body 
areas, indicate that this procedure permits 
the introduction of dosages of alkylating 
agents 3 to 4 times greater than safe systemic 
therapy and into a volume estimated to be 
less than 50 per cent of the total blood 
volume. These calculations suggest a blood 
concentration of drug 6 to 8 times greater 
than can be achieved by systemic adminis- 


Weight 


Patient| Age (Kg.) 


Diagnosis 


Post- 
operative 


Follow-up day 


Perfusion 
drug 


D. A. 28 44.8 Carcinoma of colon 


E. B. 26 38.3. Carcinoma of cervix 


| 44.3. Carcinoma of cervix 


om 


W. C. 53.7 Malignant melanoma 


A. H. 


J.J. 
F. P. 


66.6 Hodgkin’s disease 


67.3 Carcinoma of ovary 


Carcinoma of ovary 


E.R. Retroperitoneal 
adenocarcinoma 
W.R. Leiomyosarcoma 


D. S. 


Carcinoma of 
pancreas 
Carcinoma of rectum 


Carcinoma of 
pancreas 
Carcinoma of 
pancreas 
Carcinoma of 
pancreas 


J. Sm. 


V.S. 


B. S. 


Cytoxan, 
A-139, 
A-139, 


L-phenylalanine 


Cytoxan, 
A-139, 
A-139, 
A-139, 
Cytoxan, 
Cytoxan, 
A-139, 
A-139, 


Cytoxan, 


Died, 4 mo. 7 
40 mg./Kg. 

Died, 2 mo. 

1.5 mg./Kg. 

Died, 4 mo. 

1.5 mg./Kg. 

Living, 3 mo. 

mustard, 

2 mg./Kg. 


Nitrogen mustard, Died, 1 mo. 


0.75 mg./Kg. 
Died, 3 mo. 
40 mg./Kg. 
Died, 1 mo. 
1.5 mg./Kg. 
Living, 1 mo. 
2 mg./Kg. 
Living, 14 mo. 
1.5 mg./Kg. 
Died, 3 mo. 
40 mg./Kg. 
Living, 12 mo. 
40 mg./Kg. 

Died, 1 mo. 
3 mg./Kg. 
Died, 3 mo. 
2 mg./Kg. 

Died, 4 mo. 
40 mg./Kg. 


7 

mm 26 700 6 
41 33.2 3,100 2 
2600 10 
3,500 4 
=e 33 67.1 1,820 11 
81.2 320 10 
mm 49 46.5 5,425 5 
60 61.5 2150 13 


Volume 50 
Number 1 


Table II. Pelvic perfusion 


Abdominal perfusion for cancer chemotherapy 


263 


buttocks 


40 mg./Kg. 


Post- 
Weight Perfusion Lowest | operative 
Patient | Age | Sex | (Kg.) Diagnosis drug Follow-up WBC day 
G. B. 56 F 73 Carcinoma of ovary A-139, 2 mg./Kg. Living, 8 mo. 4,100 a 
A.D. 55 F 73.2 Carcinoma of cervix Cytoxan, Died, 2 mo. 113 7 
40 mg./Kg. 
T.E. 40 F 60 Carcinoma of ovary A-139, Died, 3 mo. 5,400 20 
1.5 mg./Kg. 
M.G. 54 F 51 Carcinoma of cervix A-139, 3 mg./Kg. Died, 5 mo. 8,250 7 
V.M. 54 F 54 Carcinoma of cervix Cytoxan, Living, 14 mo. 1,480 11 
40 mg./Kg. 
Z. M. 39 F 97 Carcinoma of ovary Cytoxan, Living, 17 mo. 5,320 5 
40 mg./Kg. 
L. L. 31 F 56.6 Carcinoma of cervix A-139, 3 mg./Kg. Living, 3 mo. 2,700 16 
L.R. 47 F 70.4 Carcinoma of cervix Cytoxan, Died, 4 mo. 350 8: 
40 mg./Kg. 
F.S. 39 F 48.4 Carcinoma of cervix A-139, 1 mg./Kg. Died, 5 mo. 4,850 4 
R. S. 41 F 43.2 Carcinoma of rectum A-139, 2 mg./Kg. Living, 2 mo. 4,200 7 
L.W. 56 M 55.2 Carcinoma of Cytoxan, Died, 3 mo. 15,775 1 
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Fig. 1. Graph shows data obtained during abdominal perfusion under general body hypo- 
thermia. The perfused blood was introduced at a temperature of 41° C. Note the rise in liver 
temperature which occurred, with no appreciable change in the rectal and esophageal tem- 
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PELVIC PERFUSION TEMPERATURE 
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Fig. 2. Graph shows data obtained during pelvic perfusion under general body hypothermia. 
The perfused blood was introduced at a temperature of 41° C. Note the rise in uterine tem- 
perature which occurred, with no appreciable change in the rectal and esophageal tem- 


perature. 


tration. No electrolyte disturbance and no 
serious damage to the function of the gastro- 
intestinal tract, liver, or kidney have been 
found in patients after the procedure.? A low 
flow rate (200 to 300 ml. per minute) has 
been used. It is suggested that by utilization 
of hypothermia outside of the perfused area 
the necessity for an involved and difficult 
anatomic dissection for circulatory isolation 
during abdominal perfusion, as recently sug- 
gested by Hitchcock,® or during pelvic per- 
fusion, as suggested by Stehlin,'® is avoided. 
The necessity for bone marrow transfusion, 
as suggested by Jessiman,® during pelvic per- 
fusion is also avoided. Additional studies are 
needed to define more accurately optimum 
flow rate, tissue oxygen tension and tempera- 
ture, and specific uptake of drug in tumor 
tissue as compared to normal tissue. The 
feasibility of heating tumor-bearing areas of 
the body to even higher temperatures than 


reported here has been suggested by 
Gilchrist* in order to further enhance tumor- 
cidal effects of the agents administered. It 
was found that by electromagnetic heating 
the temperature in the liver of a dog can 


be raised to 45° C. for 30 minutes without 


apparent damage to the organ. 


SUMMARY 


Regional perfusion of the abdominal 
visceral and/or pelvic areas with an al- 
kylating agent has been carried out in 
25 patients with abdominal malignancies. 
General body hypothermia for bone marrow 
protection outside of the perfused area, with 
rapid rewarming of tissues within the per- 
fused area to enhance drug action, has been 
used with perfusion in all patients. No 
operative death has occurred. Nine patients 
in the group developed a significant leuko- 
penia after the procedure; however, 10 
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fatality can be directly attributed to bone 
marrow failure. The only major complication 
has been a bilateral partial sciatic paralysis 
in | patient perfused for Stage IV cervical 
cancer in whom a high dose of drug was 
used. Relief of pain has occurred in a 
majority of patients after perfusion. Nine of 
25 patients are alive from 2 to 14 months 
after perfusion. The average survival time 
after perfusion in the 16 dead patients was 
3 months. All patients died from progression 
of malignant disease. 


The authors wish to express their appreciation 
to Mrs. Jacqueline Lancaster, Mrs. Jane Mahaley, 
and Mrs. Lucie Krueger for their technical assist- 
ance in these studies. 
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The effect of increased oxygen tension 


on the tumoricidal 
effect of nitrogen 


mustard 


ancer chemotherapy by regional per- 

fusion with use of a pump-oxygenator has 
produced encouraging results when conven- 
tional chemotherapy has been of little bene- 
fit.» 10 11, 19, 22,23, 25 Current interest in re- 
gional perfusion has focused attention on 
the role of oxygenation of the perfusate. 
* 18,25 Tn the beginning, the duration of 
perfusion was short, isolation incomplete, and 
no attempt was made to control the tem- 
peratures of the perfusate. Thus, little in- 
jury to normal tissues would have resulted 
even if unoxygenated blood were used. At 
present, however, perfusion is carried out 
under hyperthermic conditions, with more 
complete isolation, for longer periods, and 
with highly reactive agents. These conditions 
probably necessitate the use of an oxygenated 
perfusate to minimize tissue damage. 
Another factor to be considered 
effect of increased tissue oxygen tension on 
the action of alkylating agents. Thomlinson 
and Gray*®® 1?" in Great Britain have 
shown that the effect of irradiation on nor- 
mal tissue and on several tumor-host  sys- 
tems is potentiated by an increase in the 
tissue oxygen tension. Churchill-Davidson,* ° 
at St. Thomas’s Hospital, utilizing a pressure 
chamber in which patients can be kept at 
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3 atmospheres of oxygen during treatment, 
gives convincing clinical evidence of im- 
proved response to irradiation.* In_ this 
country, confirmatory experimental work has 
been reported by Hollcroft,’* who used a 
transplantable lymphosarcoma, and by Beck 
and Reick,* who used sarcoma 180. 

Alexander and Stacey’ have demonstrated 
that the biologic changes produced by alkyl- 
ating agents and ionizing irradiation are due 
to damage of desoxyribonucleic acid (DNA) 
molecules. The only difference is that the 
alkylating agent must diffuse into the cell and 
some of the DNA molecules are more ac- 
cessible than others to its action. 

Clark” ® has shown that the oxygen tension 
in tissues may be increased to 600 mm. Hg 
during whole body perfusion with a bubble 
oxygenator, depending upon the volume of 
tissue perfused, the temperature and flow 
rate of the perfusate, and the degree of 
oxygen saturation. It had been demonstrated 
in our laboratory that the tissue oxygen ten- 
sion in the hind limb of the dog is increased 
to 450 per cent of normal with the bubble 
oxygenator currently used and that toxicity 
of 5-fluorouracil increases about 20 per cent 
with addition of oxygen to the perfusate.” 

The effect of increased oxygen tension 
on the action of alkylating agents in human 
beings has been difficult to assess. Conse- 
quently, it was thought that experiments 
with standard transplantable tumors in mice 
might indicate whether or not there is any 
potentiation of the cancericidal action of 
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alkylating agents under conditions of in- 
creased tissue oxygen tension. 


EXPERIMENT OBSERVATIONS 


‘The oxygen pressure chamber utilized for 
these experiments consisted of a 20-quart 
commercially available pressure cooker in 
which a multidirectional oxygen jet was in- 
serted in the center of the floor. Oxygen in- 
troduced under pressure through this jet was 
circulated throughout the chamber, and was 
released through the escape valve during 
the experiments. The valve allowed a maxi- 
mum pressure of 20 pounds per square inch, 
confirmed by the gauge on the oxygen tank. 
The passage of oxygen through the chamber 
allowed for free circulation of gases and 
removal of accumulated carbon dioxide. 

Experiment 1. This study consisted of the 
inoculation of CFW mice with approximately 
5 million Ehrlich ascites tumor cells in 0.1 
ml. of normal saline solution obtained from 
pooled ascitic fluid from 5 donor mice. The 
animals were identified, separated into groups 
of 4, and distributed to provide for cage 
control. On the second day after the in- 
jection of tumor cells, mice from 2 groups 
were placed in an oxygen chamber with 
pressure of 20 pounds per square inch for 
15 minutes. The animals from the remain- 
ing 2 groups were left in their cages. Im- 
mediately after exposure to oxygen, | group 
of ‘mice in the pressure chamber and 1 group 
remaining in the cages were given | mg. 
per kilogram of body weight of nitrogen 
mustard in 0.2 ml. of normal saline solution 
intraperitoneally. After the administration of 
the drug, the 2 original groups were again 
subjected to oxygen pressure of 20 pounds 
per square inch for 30 minutes. All mice 
were then returned to their cages. On the 
seventh day after treatment, the mice were 


Increased oxygen tension and tumoricidal effect of nitrogen mustard 267 


sacrificed and a quantitative determination 
of the number of tumor cells present in 
the abdominal cavity was made by Baillif’s* 
modification of the method of Klein.*’ 
Seventy-seven groups of 4 mice each were 
available for study. However, a number of 
other groups had to be discarded in their 
entirety when 1 or more of the mice died. 

Table I shows the results in 77 groups of 
mice in the study. The table gives the 
average cell counts and the range of cell 
counts within each group. These data have 
been graphically summarized in Fig. 1. There 
is no significant difference between the un- 
treated mice and those subjected to high 
oxygen pressure. The difference between 
the groups treated with mustard and those 
which received no drug was highly signifi- 
cant. In addition, the average number of 
tumor cells in the group treated with nitro- 


gen mustard and oxygen under pressure is 


significantly lower than the average number 
in those treated with nitrogen mustard alone. 
This difference would be observed by chance 
less than once in 1,000 times under the given 
assumptions. 

Experiment 2. One hundred Swiss mice 
were divided into 4 groups of 25 each, 
identified, and distributed to provide for 
cage controls. The mice were injected with 
5 million ascites tumor cells intraperitoneally 
and, 2 days later, were treated in the same 
fashion as described in Experiment 1. The 
mice were returned to their cages and kept 
under observation until the day of death, 
which was recorded. All surviving animals 
were autopsied on the thirtieth day after 
treatment. This experiment was repeated 4 
times so that each group contained approxi- 
mately 400 mice. Twelve animals which 
died on the day of treatment were not in- 
cluded in the study. 


Table I. Effect of increased oxygen tension and nitrogen mustard on Ehrlich ascites 


tumor (77 experiments in CFW mice) 


Cell counts (millions) | HN: and O:* | HN: | O. | Air 
Range 0-959 7-729 2-911 3-850 
_ Mean 84.6 117.6 380.2 375.9 


One milligram per kilogram of body weight of nitrogen mustard and 100 per cent oxygen under 20 pounds pressure per 
square inch for 30 minutes, 
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77 ©YPERIMENTS 
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Fig. 1. Effect of increased oxygen tension and 
nitrogen mustard on tumor cell count in mice 
with Ehrlich ascites tumor. 
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Fig. 2. Survival of mice with Ehrlich ascites tumor 
30 days after treatment by increased oxygen 
tension and nitrogen mustard. 
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Fig. 3. Survival of mice with sarcoma-37 treated 
by increased oxygen tension and nitrogen mustard. 
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Results of this experiment are seen in 
Table II and more graphically in Fig. 2. 
Table II shows the survivors with Ehriich 
ascites tumor on the thirtieth day treaied 
under the conditions indicated. Eighteen 
per cent of the group treated with nitrogen 
mustard and oxygen under pressure survived 
to the thirtieth day and 7 per cent survived 
when treated with nitrogen mustard alone. 
Two per cent of the group treated with 
oxygen survived as compared to 3 per cent 
in the control group. The difference between 
the number of survivors in the group treated 
with nitrogen mustard and oxygen and the 
number in the group treated with nitrogen 
mustard and air is statistically significant 
at the 1 per cent level with the chi square 
test. 

Experiment 3. One hundred Swiss mice 
were divided into 4 groups. The animals 
were identified, distributed to provide for 
cage controls, and inoculated with the ascitic 
form of Sarcoma 37 which is a transplantable 
carcinosarcoma.** The mice received approxi- 
mately 800,000 to 1 million cells in 0.1 ml. 
of normal saline solution obtained from 
pooled ascitic fluid from 5 donor mice. Two 
days after the inoculation of the tumor cells, 
the mice were treated in a fashion identical 
to that described in Experiment 3. The day 
of death was recorded and on the thirtieth 
day after treatment the remaining animals 
were sacrificed. This experiment was re- 
peated 3 times so that a total of 75 mice 
in each group were evaluated. 

The results of this experiment, depicted 
in Fig. 3, show the survival curves for the 
mice with Sarcoma 37 treated with nitrogen 
mustard and oxygen. Examination of these 
curves shows that, at 30 days, there were 2 
surviving mice in the group treated with drug 
and oxygen (1 with tumor), 1 in the oxygen- 
treated group, and 2 in the air-treated group 
(none with tumor). The 50 per cent survival 
times for the 4 groups were 11.5 days (drug 
and oxygen), 10.5 (drug and air), 7.8 
(oxygen), and 6.0 (air). Furthermore while 
all points on the nitrogen mustard and 
oxygen curve, with 1 exception, show better 
survival than the drug and air curve, these 
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2 curves are not separated by statistically 
significant differences as is seen from a 
Mann-Whitney test. While the data seem 
to suggest that the action of nitrogen 
mustard is potentiated by increased oxygen 
tension with Sarcoma 37, larger numbers of 
mice or a second treatment introduced at 
day 6 may produce an increased separa- 
tion of the curves. In any event, the data 
are suggestive enough to warrant further 
investigation. 

Experiment 4. This experiment was con- 
ducted in the same manner as the second 
experiment with the exception that 2 
studies with 5 groups of 10 mice each 
were performed. The additional group con- 
sisted of mice that had been made poly- 
cythemic by intraperitoneal transfusions of 
pooled, washed red blood cells. This tech- 
nique has been described previously.’* The 
recipient mice were given 0.5 ml. of a red 
blood cell suspension for 3 successive days, 
were inoculated with tumor on the day 
after the transfusions, and treated 2 days 
later. Hematocrits obtained at the time of 
treatment ranged from 62 to 78 per cent; 
the hematocrits of the control mice ranged 
from 50 to 55 per cent. Days of death were 
recorded and surviving mice were sacrificed 
at the twenty-eighth day after treatment. 

Table III shows the number of mice which 
survived at the end of the experiment and 
the number of mice with tumor.. Thirty per 
cent of the mice with elevated hematocrits 
treated with nitrogen mustard and oxygen 
under pressure survived 28 days, 10 per cent 
of the mice treated with nitrogen mustard 
and oxygen under pressure survived, and 


val of mice with Ehrlich ascites tumor 
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Table I. Effect of increased oxygen tension and nitrogen mustard on 30-day sur- 


none of the remaining groups contained 
surviving animals. It should be noted that 
the 50 per cent survival times showed re- 
versal of the 28-day observations. The 
group treated with drug and air had the 
greatest number of survivors, followed by 
the group treated by drug and oxygen, 
then the group given drug and oxygen with 
polycythemia. It is of interest to note that 
a control group of another experiment, con- 
sisting of polycythemic mice with ascites, 
had no prolongation of life. The number of 
animals in these groups is too small to war- 
rant a statistical analysis and the experiment 
is a preliminary one. 


DISCUSSION 


Experiments 1 and 2 indicate that the 
therapeutic effect of nitrogen mustard is 
potentiated by increased oxygen tension. 
Had the exposure of the mice to increased 
oxygen tension alone produced any thera- 
peutic effect, it would be necessary to deter- 
mine whether the effect was potentiative, 
additive, or synergistic.’* ** As no thera- 
peutic effect from the increased oxygen 
tension was observed, the increase in survival 
or reduction in number of tumor cells from 
the combined treatment indicate potentia- 
tion of the therapeutic effect of the alkylat- 
ing agent. Experiment 3 was_ performed 
with Sarcoma 37 to determine whether or not 
the results could be duplicated with another 
tumor-host system. While suggestive infor- 
mation was obtained, additional study is 
needed. 

One problem has been to find a tumor- 
host drug system that, with appropriate dose 


Experiments | HN: and O: | HN: | O: | Air 
1. Survivors/treated 6/25 0/25 2/25 2/25 
2. Survivors/treated 1/23 1/25 0/25 0/25 
3. Survivors/treated 5/21 3/25 0/21 1/25 
4. Survivors/treated 4/23 3/25 0/25 0/25 
Total survivors/treated 16/92 7/100 2/96 3/100 
Survivors/with tumor 13 7 2 2 


Survivors (%) 


| 18 7 9 3 
. 
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Table III. Effect of polycythemia, increased oxygen tension, and nitrogen mustard 
on survival of mice with Ehrlich ascites tumor 
HN: and Oz 

Experiments (Polycythemia*)| HN: and QO: HN: Air 
1. Survivors/treated 2/10 0/10 0/10 0/10 0/10 
2. Survivors/treated 4/10 2/10 0/10 0/10 0/10 
Total survivorst/treated 6/20 2/20 0/20 0/20 0/20 
Survivors (%) 30 10 0 0 0 


*Hematocrit approximately 70 per cent at treatment. 


+Survivors sacrificed at twenty-eighth day. All contained tumor. 


of drug, will show the effect of increased 
oxygen tension on tumoricidal action of the 
alkylating agents. Another experiment, not 
reported here, involved the treatment of 
mice with sarcoma 180 with 3 mg. per 
kilogram of body weight of TSPA.** In a 
few experiments, the sarcoma 180 treated 
with TSPA and increased oxygen tension 
showed better regression than in the other 
groups but no consistent conclusions could 
be obtained and this study was abandoned. 
In addition to those with alkylating agents, 
similar studies should be carried out with 
the antimetabolites and the antibiotic group 
of tumoricidal drugs as well as with different 
tumors and animals. 

One fact that warrants discussion con- 
cerns the mechanism by which increased 
oxygen tension is obtained. It is generally 
considered that a patient breathing pure 
oxygen will completely saturate the avail- 
able hemoglobin and that the resultant 
oxygen tension will approximate 140 mm. 
Hg.*® Increasing the available hemoglobin 
by producing a polycythemic individual may 
cause further increase in the oxygen tension 
but any great increase will necessitate the 
use of the bubble oxygenator or a high 
pressure chamber. This increase in oxygen 
tension results from oxygen being dissolved 
in or supersaturating the plasma, and tissue 
oxygen tension responds almost immediately 
to this increase.° 

It is our belief that potentiation, while of 
importance, is only one of a number of 
factors which contribute to improved results 
after perfusion. These factors include intra- 
arterial administration of drug (high dosage ) , 


protection of the host against the toxic ef- 
fects of the alkylating agents, and regulation 
of perfusion pressure.’® *° 

The explanation that Churchill-Davidson 
has presented for the use of the high-pres- 
sure chamber with radiation is pertinent.’ 
He believes that tumor cells are protected 
by the low oxygen concentration about them 
and this protection can be abolished by in- 
creasing the partial pressure of oxygen re- 
spired. The low oxygen concentration in the 
tumor is mainly due to the distance of the 
solid masses of tumor cells from their capil- 
laries. It has been determined by theoretical 
calculation that these cells fall into zones 
of diminished radiosensitivity. In addition, 
evidence has been presented which indicates 
slowing or stagnation of blood in the tumor 
capillaries from congestion, necrosis, throm- 
bosis, edema, and infection associated with 
the tumor. These factors, which tend _ to 
lower the tumor oxygen tension, would be 
overcome by the use of the high-pressure 
chamber. 

Similarly, the pump-oxygenator would in- 
crease the oxygen tension as well as ade- 
quately providing for perfusion of tumor 
tissue. 


CONCLUSION 


The cancericidal effect of nitrogen mus- 
tard on an Ehrlich ascites tumor in mice 1s 
potentiated by increased tissue oxygen ten- 
sion. 


The authors wish to express their appreciation 
to Phillip Good, Instructor in Biostatistics, Tulane 
University School of Medicine, for the prepara- 
tion of the statistical analyses used in this paper. 
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DISCUSSION* 


Dr. W. Glenn Young, Jr. (Durham N. C.). In 
discussing the papers by Drs. Shingleton and 
Lawrence, I would like to mention a technique 
that we have been using for the treatment of 


*Discussion of papers by Lawrence, Kuehn, Mori, Pop- 
pell, and Clarkson; Shingleton, Parker, and Mahaley; 
and Krementz and Knudson. 
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carcinoma of the lung and other intrathoracic 
neoplasms, in which differential pelvic perfusion 
hypothermia is utilized. With an extracorporeal 
pump-oxygenator and heat exchanger system, 
dogs were perfused via the femoral artery with 
the outflow catheter in the inferior vena cava. 
It was possible to obtain a significant temperature 
gradient between the upper and lower halves 
of the body. In the animal shown in the slide, 
the esophageal temperature was maintained in 
the region of 35° C., with the temperature in the 
pelvis and rectum below 25° C. When the maxi- 
mal temperature gradient was reached, nitrogen 
mustard (1.5 mg. per kilogram) was administered 
into the jugular vein. The next slide shows the 
sternal bone marrow 1 week later. It was very 
hypocellular and myeloid elements were absent. 
On the other hand, the pelvic bone marrow was 
well preserved with almost normal cellularity. 
This finding has been confirmed in clinical studies. 
Using a relatively high flow rate, one also ob- 
tains some degree of isolation between the upper 
and lower circulatory systems. When radioactive 
iodinated serum albumin was injected into the 
jugular vein during the perfusion, the concen- 
tration remained quite high in the superior vena 
cava as opposed to the concentration in the in- 
ferior vena cava. 

Dr. J. Bradley Aust (Minneapolis, Minn.). The 
3 preceding papers are representative of some 
of the best work going on in the field of isolated 
perfusion. The factors of leakage, flow rate, tem- 
perature, and oxygenation are all of importance 
and are being investigated. Leakage from the 
isolated circuit, as measured by tagged albumin 
or chromium, is of significance only to the ex- 
tent that it parallels the actual leakage of the 
agent used. With use of agents as rapidly fixed 
as nitrogen mustard, even the large leakages ob- 
tained in pelvic perfusion do not cause great 
difficulty with bone marrow depression. In over 
50 perfusions with nitrogen mustard we have 
never seen a bone marrow depression in any of 
our patients. On the other hand, agents which have 
prolonged activity, such as phenylalanine mustard, 
require minimal leakage and washout techniques to 
prevent systemic toxicity. Another important fac- 
tor in any discussion of leakage is the flow rate 
used and the differential pressure in the isolated re- 
gion as contrasted to the systemic circulation. If 
the pressure in the systemic circuit is higher, blood 
tends to flow into the region perfused in prefer- 
ence to leaking out. The effect of temperature 
in control of isolated perfusion has interested us 
and we have studied the active life of nitrogen 
mustard in various solutions at different tempera- 
tures. As blood is heated the nitrogen mustard 
has a shorter and shorter active life span. We 
have been concerned that nitrogen mustard put 
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into heated blood would be inactivated be. >re 
it reached the tumor. With an isolated dog | nb 
as a model and by measuring the amoun: of 
nitrogen mustard entering and leaving the 1i ub, 
one can by difference calculate the amoun) of 
nitrogen mustard taken up by the limb. U:der 
these circumstances, if oxygen tension is lowered 
in the perfused circuit, there is a greater upiake 
of nitrogen mustard. Does this mean we should 
not oxygenate our blood? I cannot answer that 
question. The crucial information is how much 
agent is getting to the tumor and how much the 
tumor is taking up. Today Dr. Krementz has 
pointed out that in all probability the nitrogen 
mustard uptake of cancer is greater under high 
oxygen tension and so we are caught in the horns 
of a dilemma. If we use high oxygen in the circuit 
we know that the total uptake of the region is 
not as good; however, we have no information 
regarding the differential uptake by the tumor 
which is the crucial knowledge needed. 

Dr. Walter Lawrence, Jr. (closing). I want to 
thank Drs. Aust and Young for their comments, 
and I could not agree more with what Dr. Aust 
has said about “leakage.” I think that the point 
we were trying to make with some.of our data 
was that the indicator leak has nothing to do 
with any specific drug and each drug is different in 


its leakage behavior. Actually, in regard to nitro- 


gen mustard, it really becomes unreasonable to 
measure leaks. We were particularly interested 
in using antimetabolites in perfusion, and _par- 
ticularly pelvic perfusion, because we have been 
so discouraged by our nitrogen mustard results 
clinically. This is what led to these studies. In 
regard to Dr. Young’s comment about iliac mar- 
row protection for high-dose chemotherapy of 
the thorax, we have tried a slightly different ap- 
proach to this. By using the same pneumatic 
abdominal tourniquet and aortic occlusion with 
balloon catheter above the celiac axis, we have 
found differential marrow changes similar to those 
he showed on his slide. I would like to ask Dr. 
Shingleton one question because we have tried 
his total abdominal perfusion as well, on only 
1 patient, with balloon catheters to occlude the 
vena cava and the aorta above the liver instead 
of thoracotomy. We were somewhat concerned 
and confused by the persistence of the low rectal 
temperatures during the perfusion. We wondered 
whether we were really getting adequate per- 
fusion in some of the areas we were trying to 
treat. When we did this with hyperthermia in 
our perfusion circuit we still maintained a low 
rectal temperature just as he has shown. 
Dr. W. W. Shingleton (closing). I would like to 
thank Drs. Young, Lawrence, Aust, and Krementz 
for their comments. 

In regard to Dr. Lawrence’s question concern- 
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ing the rectal temperature during abdominal 
perfusion, I would like to report that we have 
found that the use of a rectal thermometer is a 
very inaccurate way to measure changes in tissue 
temperature during hypothermic—hyperthermic 
perfusion. A thermister placed in the liver or 
other abdominal viscera will give a more accurate 
measurement of changes in tissue temperature. 
In regard to Dr. Krementz’s comment about the 
“extensive surgery” involved in the technique 
described, I would like to reply that the only sur- 
gical procedure involved is a right thoracotomy 
(patient’s diagnosis previously established by lapa- 
rotomy) and cannulation of the femoral vessels. 
Since hypothermia is relied upon to protect 
against leak, extensive dissection to isolate col- 
lateral circulation is avoided. 

Dr. Edward T. Krementz (closing). I would like 
to mention one thing about the abdominal per- 
fusion that Dr. Shingleton reported. We have 
treated 1 patient by this method and are inclined 
to think that this is a little too much surgical 
manipulation for patients with advanced malignant 
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disease. If, however, the end results prove to be 
satisfactory, we will change our minds. 

The problem of nerve damage after perfusion 
with alkylating agents should be mentioned and 
I want to caution the audience about this danger. 
We have had 10 or more patients who have 
experienced nerve damage. This has occurred 
with seventh, eighth, or ninth cranial nerves or 
the brachial plexus after administration of high 
doses of nitrogen mustard in relatively confined 
areas and is a complication to avoid if you are 
planning to use perfusion chemotherapy. 

In regard to Dr. Aust’s remarks, we are aware 
of his work concerning the better utilization of 
nitrogen mustard after increased concentrations 
of carbon dioxide. We have started experiments 
with the high pressure chamber to check this 
observation using 95 per cent oxygen and 5 per 
cent carbon dioxide. Mice cannot tolerate any 
more carbon dioxide under pressure than this 
and they die with the use of 10 per cent carbon 
dioxide. We have no other data available as 
yet about this problem. 
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Techniques of obtaining and preparing 


suspensions of spleen 


and bone marrow for 
the treatment of 


supralethally irradiated 


dogs 


I. protective effects of various bone 


marrow and spleen preparations against to- 
tal-body irradiation in small animals have 
been well demonstrated.* ‘1’ The use of 
these same tissue preparations in larger ani- 
mals and in man has met with less success, 
and more frequently than not investigators 
have reported the failure of spleen or bone 
marrow autografts to protect dogs against 
supralethal or even lethal total-body irradi- 
ation.':*! Yet Alpen and Baum* have re- 
ported that infusions of autologous bone 
marrow will protect lethally irradiated dogs. 
Moreover, Mannick and his group’? have 
reported the recovery of supralethally irradi- 
ated dogs given autologous bone marrow. 
Thomas and co-workers** have shown that 
bone marrow homografts between sibling 
dogs may be successful if doses of total-body 
irradiation of 1,500 r are used prior to the 
infusion of several billion cells. Recently we 
have reported that suspensions of autologous 
spleen will also protect lethally and supra- 
lethally irradiated dogs.” Interestingly 
enough, whole-organ autologous transplants 
of the spleen or spleen shielding have not 
protected the dog as have the cell suspen- 
sions, which indicates that homogenization 


Supported by United States Public Service Grant A-3361. 


Read at the Twenty-second Annual Meeting of the So- 
ciety of University Surgeons, Kansas City, Kan., Feb. 
9-11, 1961. 


*Giannini Fellow. 


**Markle Scholar. 


JERROLD K. LONGERBEAM, M.D.” 
RICHARD C. LILLEHEI, M.D., Ph.D.** 
EDMUND YUNIS, M.D. 

SADEK HILAL, M.D. 


MINNEAPOLIS, MINN. 

From the Departments of Surgery, Radiology, 
and Laboratory Medicine, 

University of Minnesota Medical School 


of the spleen releases or makes available cer- 
tain substances and/or cells which are not 
available from the intact splenic autograft 
or from the shielded spleen. 

During the course of these experiments, 
and in similar experiments with autologous 
bone marrow, techniques have been devel- 
oped for obtaining and preparing suspensions 
of spleen or bone marrow which have re- 
sulted in larger yields of viable cells than 
previously have been reported. It is our be- 
lief that failure to obtain cells in large num- 
bers or to handle the cells properly after 
they have been obtained is the chief reason 
for the conflicting reports of their efficacy 
in protecting the dog against lethal total- 
body irradiation. This belief is strengthened 
by the data of Urso and Congdon*’ who 
have shown that the survival rate in small 
animals after lethal total-body irradiation 1s 
proportional to the number of viable cells 
infused. 

The methods presently used for obtaining 
and preparing splenic and bone marrow sus- 
pensions in this laboratory along with the 
results of experiments in which such prepara- 
tions have been used to protect dogs against 
lethal and supralethal total-body irradiation 
form the basis of this report. 


MATERIALS AND METHODS 


Adult mongrel dogs of both sexes weigh- 
ing from 10 to 25 kilograms have been used 
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throughout this study. The sole method of 
selection has been to use dogs in apparent 
good health in which white blood cell counts 
were under 15,000 and hematocrits were 40 
per cent or above. The dogs were not im- 
munized against canine distemper or hepa- 
titis and were not isolated before or after 
irradiation from new stock dogs which con- 
tinually come into the kennels. 

The irradiation was delivered with a 250 
KVP, 30 Ma. unit. The filter was 0.5 mm.*; 
half-value layer, 1.5 mm.*; focal skin dis- 
tance, 120 cm.; and field size, 80 cm. in 
diameter. The radiation was given at the 
rates of 4.45, 10, or 22.6 r per minute, one- 
half of the total being given through each 
of 2 lateral parts. Doses used are stated as 
“minimum tissue doses” and were calculated 
at the midsagittal plane of the dog, which 
is to say that no tissue received less than the 
stated dose and some may have received up 
to 178 per cent of the stated dose. 

Peripheral blood and bone marrow speci- 
mens were obtained prior to irradiation for 
hematocrits, nucleated cell counts, and dif- 
ferential counts. The animals were studied 
during the postirradiation course with daily 
hematocrits, white blood cell counts and 
platelet and reticulocyte counts. Periodic 
bone marrow studies were also performed. 
All animals were followed carefully until 
death or until complete hematologic and 
clinical recovery. All dogs that died were 
autopsied and the survivors were sacrificed 
at periods varying from 1 to 12 months, ex- 
cept for a small representative group which 
will be followed indefinitely. All irradiated 
animals received daily intramuscular injec- 
tions of penicillin, 400,000 U., streptomycin, 
0.5 Gm., and neomycin, 0.25 Gm., until 
white blood cell counts increased above 4,000 
and the animals were clinically well. Par- 
enteral fluids and/or gavage feedings of 
milk, cream, or meat were also given when 
indicated. 

Preparation of splenic suspension. Dogs 
which had been fasted for 18 hours were 
anesthetized with pentobarbital sodium and 
thei abdomens opened aseptically. The gas- 
tros»ienic ligament was divided, leaving the 


spleen pedicled on the splenic artery and 
vein. To empty the spleen of blood before 
removal, 0.25 mg. of epinephrine in 5 ml. 
of saline solution was injected intravenously. 
Then when the spleen had tightly con- 
tracted, the splenic vessels were divided and 
it was removed. Immediately after this, 
the splenic artery was cannulated and the 
spleen perfused at 4° C. with 200 to 300 
ml. of Tis-U-Sol* which contained 0.1 mg. 
heparin, 100 U. of penicillin, and 100 pg 
streptomycin per milliliter. The pH of the 
Tis-U-Sol was adjusted to 7.2 by the addi- 
tion of a concentrated solution of sodium 
bicarbonate. This initial perfusion cooled 
the spleen rapidly, removed any residual 
sinusoidal blood, and prevented clotting dur- 
ing subsequent manipulation of the splenic 
cells. The splenic vein was then clamped 
and the spleen allowed to distend by the 
additional infusion of 500 to 1,500 ml. of 
Tis-U-Sol at 4° C. This step greatly facili- 
tated the subsequent separation of splenic 
cells from the stroma. The spleen was then 
sliced into strips approximately 2 mm. in 
thickness, and the strips transferred individ- 
ually to a 30 mesh stainless steel screen disc, 
which had a pore diameter of 570 y.° The 
splenic pulp was forced through the screen 
by gentle pressure of the gloved finger, and 
was then transferred to a plastic beaker con- 
taining one of the suspending solutions. The 
stroma of the spleen was discarded. 

This pulp containing the splenic cells was 
then further broken up by passage through 
a series of stainless steel screens with 40, 60, 
and 100 mesh per inch and a pore diameter 
of 380, 150, and 130 yp, respectively. Nylon 
or siliconized stainless steel syringes with 
interchangeable stainless steel screen discs 
were used for this procedure.*? The final 
cell suspension was diluted to a total volume 
of at least 250 ml. with suspending solution. 

Fig. 1 shows the equipment necessary for 
the preparation of this homogenate. The 
resulting suspension contained very few 
small clumps of cells and could be given 
intravenously without filtration provided 
that it was given at a rate of 100 ml. per 


*Baxter Laboratories. 
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Fig. 1. Equipment necessary for preparation of splenic suspension. 


hour or: less. Two of 45 dogs died in an - 


acute state during the infusion of this sus- 
pension but in each case they had been 
given 250 ml. of suspension containing more 
than 10 and 21 billion cells, respectively, in 
less than 30 minutes. The remaining dogs 
showed no ill effects from these splenic in- 
fusions. 

By these techniques yields of 2 to 35 bil- 
lion cells were obtained in 45 animals, with 
an average yield of 10.1 billion cells and a 
viability of 60 to 70 per cent, as determined 
by the trypan blue dye exclusion technique. 
Supravital staining techniques to determine 
cell viability in cell suspension has only re- 
cently been worked out and is still being 
modified.'* ** Some of these techniques are 
completely unreliable. The trypan blue tech- 
nique, modified by one of us (S. H.) to give 
a method which we believe produces reli- 
able and reproducible results, is reported 
here in greater detail. 

Trypan blue dye exclusion technique for 
testing cell viability. A routine nucleated cell 
count was performed on an aliquot portion 
of the cell suspension with a standard white 
blood cell—diluting pipette, a hemacytome- 


ter, and 2 per cent acetic acid as the dilu- 
ent. With cell count as a guide, the aliquot 
sample was diluted with the suspending so- 
lution to give a cell concentration of ap- 
proximately 20,000 nucleated cells per mm.* 
The resulting sample was diluted 1.1 with 
a 1 per cent solution of trypan blue in 
GKN solution or normal saline solution 
and allowed to stand for 10 minutes at room 
temperature. A nucleated cell count was re- 
peated on this final dilution with the white 
blood cell pipette and the hemacytometer, 
but TC 199 or the original suspending solu- 
tion was substituted for the 2 per cent acetic 
acid. This left a background of intact red 
cells, but they did not interfere with the 
counting. If the red cells are lysed there is 
always a possibility of damage to the nucle- 
ated cells, which results in an inordinately 
low viability count. 

The total number of nucleated cells was 
obtained by multiplying the number of cells 
counted in the 4 large corner squares by all 
of the diluting factors, times 1,000 to con- 
vert to cell per milliliter,? and finally times 
the total number of milliliters of the splenic 
or bone marrow suspension. 
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At the same time, a differential viability 
count was performed in the hemacytometer 
under high power, counting approximately 
200 cells. Living cells were characterized 
by their ability to exclude dye and therefore 
remained unstained. Cells exhibiting nuclear 
or cytoplasmic staining, or those with stained 
vacuoles, or those with distorted cell mem- 
branes were considered to be dead. 

Final preparation and administration of 
the splenic homogenate. During the various 
manipulations of the splenic cells, all con- 
tainers were kept in an ice bath to insure 
maximum viability of the cells. After the 
final passage through the finest mesh screen, 
the suspension was transferred to Fenwal 
plastic bags and stored in the refrigerator 
until used. At the time of reinfusion, the 
cell suspension was also cooled by placing 
the Fenwal bag in an ice bath. 

Suspensions of splenic cells have also been 
prepared by the use of tissue presses, ho- 
mogenizers of the Potter type, and by con- 
trolled enzymatic digestion of the spleen 
with trypsin, but all these methods have 
been discarded in favor of the present tech- 
nique because they were either time-con- 
suming and/or gave poor yields of viable 
cells. 

While the splenic suspension was being 
prepared, the abdominal incision of the dog 
was closed and the dog transported to the 
therapy room, where the prescribed dose of 
total body irradiation was given. The sus- 
pension of autologous spleen cells was given 
to the dog intravenously immediately upon 
completion of the irradiation. 

Preparation of bone marrow suspensions. 
Necropsy and biopsy studies in a group of 
7 dogs showed that the highest concentra- 
tions of myeloid and erythroid elements (the 
richest marrow) were in the bones which 
are listed in Table I, in decreasing order of 
bone marrow concentration. However, when 
accessibility and volume are considered in 
addition to the richness of the bone marrow, 
the humeri, femurs, iliac crests, and ischia 
are the best sites for aspiration (Fig. 2). 
Observations on excised and sagittally sec- 
tioned bones showed that the humoral mar- 
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row cavity can be entered longitudinally via 
the relatively thin cortex of the anatomic 
neck and greater tuberosity. The proximal 
one-half of the humoral marrow cavity can 
also be entered transversely with a needle 
inserted through the thin cortex of the an- 
terior lateral crest which extends inferiorly 
from the greater tuberosity (Fig. 3). Both 
of these routes were used by us for complete 
aspiration of the humerus. 

The femoral marrow cavity can be entered 
longitudinally via a recess formed by the 
junction of the neck and trochanter of the 
femur. The femoral cortex of the posterior 
lateral surface of the trochanter is also rela- 
tively thin and permits a transverse approach 
to the upper one-third of the femoral mar- 
row cavity. Both of these approaches were 
used for complete aspiration of the femur 


(Fig. 3). 


Fig. 2. Sagittal and cross sections of humerus, 


ileum, ischium, and femur in the dog show the 
areas of “rich”? bone marrow. 


Table I. Bone marrow hematocrits from 


various bones which show nucleated cell 
content 


Myeloid and 

No. of erythroid ele- 

Bone bones ments (%) 
Sternum 9 7.7 
Humerus 9 7.0 
Rib 6 6.8 
Femur 9 20 
Tliac crest 9 4.7 
Ischium 3 3.9 
Tibia 2 1.0 
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The iliac marrow cavity can be entered 
at various sites along the posterior margin 
of the crest, and finally the ischial marrow 
cavity is entered through the tuberosity. 

A Bierman needle, 16 gauge, was used to 
enter the humeri and femurs transversely and 
to aspirate the iliac crest. Longitudinal aspi- 
rations from the shafts of the humeri, femurs, 
and also from the ischia were performed 
with 16 gauge, 44 inch spinal needles. Most 
of the red marrow in the humerus is in the 
upper one-half and in the femur the red 
marrow is in the upper one-third. There- 
fore, needles longer than 41% inches are un- 
necessary in the dog. During aspiration the 


Humerus 


Table II. Sources of bone marrow 


Fig. 3. Routes for the percutaneous aspiration of bone marrow. 
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needles were rotated and the plane of a,pi- 
ration changed frequently in order to a;pi- 
rate the entire marrow cavity. 

This simple percutaneous multipunciure 
technique yields as many as 20 billion cells 
(exclusive of nucleated peripheral biood 
cells) from a single dog. Moreover, yields of 
8 to 12 billion cells are not uncommon. ‘lhe 
total number of cells obtained in a typical 
dog from each of the bones mentioned is 
listed in Table II. The last column shows 
the total number of viable bone marrow 
cells obtained after corrections had_ been 
made for nucleated peripheral blood cells 
and per cent viability. Both humeri have 


No. viable 
Volume Total cells W.B.C.* B.M.C. %o B.M.C. 
Bone removed/ml. (x109) (x109) (x109) viable (x109) _ 
Right humerus 64 33.1 0.64 2.67 68 1.83 
Left humerus 270 6.97 3.21 3.76 66 2.50 
Femur 33 1.38 0.33 1.05 67 O77 . 
Iliac crest 18 0.70 0.18 0.52 54 0.28 
Ischium 12 0.36 0.12 0.24 53 0.13 


*Amount of marrow obtained from various bones by percutaneous aspirational techniques, 
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times the volume from a single bone does 
not necessarily increase the yield of bone 
marrow cells by the factor of 4. The opti- 
mum volume to’ be removed depends both 
upon the bone being aspirated and the size 
of the dog. In general, we have found that 
aspirating 50 to 150 ml. from the humerus, 
25 to 75 ml. from the femur, and 10 to 15 
ml. from the iliac crest and ischium gives 
optimal yields of marrow. 

Procedure for use of bone marrow auto- 
grafts. The dog to be irradiated was anes- 
thetized with pentobarbital sodium. The sites 
for bone marrow aspiration were shaved 
and washed with pHisoHex and _benzalko- 
num chloride. Heparin, 0.75 mg. per kilo- 
gram, was given intravenously to facilitate 
aspiration and to prevent clotting of the 
bone marrow in the syringe prior to adequate 
mixing with the suspending solution. Sili- 
conized 30 ml. syringes containing 2 to 5 
ml. of the same suspending solution used 
lor the spleen cells were used to aspirate 
each 5 to 10 ml. of bone marrow. The mar- 
tow was collected in sterile plastic Erlen- 
meyer flasks packed in ice. At the conclusion 
of the aspiration, the marrow was filtered 
through a 60 mesh stainless steel screen with 
4 pore diameter of 150 yp. This removed 
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Fig. 4. Equipment for obtaining and preparing bone marrow suspensions. 


been aspirated to show that removal of 4 
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particles of bone and many fat globules. 
The marrow was not centrifuged, but was 
transferred directly to plastic Fenwal bags 
and stored in the refrigerator until the time 
of infusion. The equipment used for obtain- 
ing and preparing bone marrow suspension 
is shown in Fig. 4. 

After removal of the marrow, the dog was 
irradiated and immediately the autologous 
marrow was returned to the dog intrave- 
nously at a rapid rate (200 to 300 ml. per 
hour). 

All objects with wettable surfaces such as 
syringes, needles, and screens that came in 
contact with spleen or bone marrow cells 
were washed in a mild detergent, rinsed 8 
times in tap water, then 8 times in distilled 
water, air dried, and resiliconized prior to 
reuse.** 

Suspending solutions, pH, and anticoagu- 
lants. It is not enough merely to obtain 
large numbers of bone marrow or spleen 
cells to protect animals from the lethal ef- 
fects of total body irradiation. Equally im- 
portant are the solution in which the cells 
are stored, the pH of the solution, tempera- 
ture of storage, and the anticoagulant used. 

Any of the balanced salt solutions used 
in tissue culture which have an osmolarity 
of 280 to 300 milliosmoles per liter and a 
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Fig. 5. Changes in bone marow and peripheral 
blood in the lethally irradiated and untreated dog. 
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Fig. 6. Change in bone marrow and _ peripheral 
blood in the lethally irradiated and treated dog. 


pH adjusted to 7.2 to 7.4 are satisfactory 
for cell suspension.** The solutions used in 
this study have included Tis-U-Sol, TC 
199,* and a solution developed in this labo- 
ratory.. Penicillin and streptomycin were 
added to each of these solutions to give a 
concentration of 100 U. per milliliter of 


*Difco Laboratories. 
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penicillin and 100 pg per milliliter of stre).- 
tomycin. 

Either heparin or ethylenediamine tetrac- 
etate (EDTA) has been used to prevent 
coagulation in these suspensions. The cou- 
centration of heparin used in solution for 
suspension of spleen cells has been 0.05 mg. 
per milliliter and for suspension of bone 
marrow cells 0.1 mg. per milliliter of heparin 
has been used. More recently EDTA has 
been used as the anticoagulant for suspen- 
sion of both bone marrow and spleen cells. 
A neutral isotonic solution of EDTA was 
prepared by dissolving 2.25 Gm. of the di- 
sodium salt and 1.50 Gm. of the tetra- 
sodium salt in 100 ml. of distilled water. The 
resulting 3.75 per cent solution of EDTA 
had a pH of approximately 7.2 and an os- 
molarity of 288 milliosmoles per liter. ‘This 
solution of EDTA was added to the sus- 


pending solution in a sufficient quantity to 


bring the final concentration of EDTA to 
1.5 mg. per milliliter (that is, 4 ml. of 3.75 
per cent EDTA solution to 100 ml. of sus- 
pension solution). 


ASPECTS OF ACUTE IRRADIATION 
ILLNESS IN THE DOG 


Clinical course in untreated dogs. Con-- 


trol dogs which received 300 to 600 r total 
body irradiation usually showed the first 
effects of irradiation by the second or third 
postirradiation day. Appetites declined and 
these animals drank only water or perhaps 
milk, but eschewed all solid food. By the 
fourth or fifth day, the dogs appeared tired 
and listless, and forced feeding was fre- 
quently necessary either by placing meat in 
the posterior pharynx or giving milk or 
cream by stomach tube. In the 300 to 600 r 
dosage range, only a few dogs spontaneously 
vomited and this was limited to the fourth 
to seventh days. When necessary dogs were 
maintained on parenteral fluids during this 
period. Diarrhea was not a problem in the 
300 to 600 r range. 

Clinical course in treated dogs. Dogs given 
500 to 900 r total body irradiation and 
treated successfully with splenic or bone 
marrow suspensions usually had a marked 
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amelioration of clinical symptoms, especially 
at the lower levels of irradiation. The se- 
verity of symptoms, in general, paralleled 
the amount of irradiation given, but there 
was an inverse relationship between the se- 
verity of symptoms and the total number 
of viable cells infused, so that a dog re- 
ceiving 900 r and a very large number of 
cells might have a mild clinical course, 
while a dog given 600 r and receiving a 
small number of cells might have a severe 
clinical course. 

At 900 r and over, symptoms were more 
severe even in the treated animals. Vomit- 
ing was frequent during the first week, and 
a watery, bloody diarrhea occasionally ap- 
peared about the fifth day. Three dogs in 
the treated group developed a severe diar- 
rhea and died of an acute necrotizing hem- 
orrhage enteritis. 

Hematologic aspects of irradiation illness 
in the dog. In lethally irradiated control 
dogs (300 to 600 r) the white blood cell 
count had moderately increased on the first 
postirradiation day, but by the third day 
the count had begun a steady decline. In 
control animals, the nadir of the white blood 
cell count (usually less than 200 cells per 
cubic millimeter) was reached in 6 to 8 days 
and death usually followed in 24 hours. In 
lethally irradiated animals that recovered 
as a result of treatment with bone marrow 
or splenic suspensions, the white blood cell 
count rarely fell below 300 cell per cubic 
millimeter. The nadir, which was also 
reached in 6 to 8 days, was followed by a 
progressive and rapid increase in the white 
blood cell count, which correlated with an 
improving clinical course. The cellularity of 
the bone marrow decreased concomitantly 
with the peripheral white blood cell count. 
Differential bone marrow counts showed a 
progressive decrease in erythroid, myeloid, 
and lymphoid elements, but a much slower 
decrease (and therefore a relative increase) 
in lymphoid elements (Fig. 5). By the time 
of death on the eighth or ninth day, the 
only cells found in the hypocellular mar- 
row were lymphocytes, plasma cells, and 
laree vagocytic histiocytes. 


Suspensions of spleen and bone marrow for supralethal irradiation 281 


od 


Fig. 7. Bone marrow changes in a lethally irradi- 
ated dog treated with autologous bone marrow. 
A, Control bone marrow (300). B, Bone marrow 
at 7 days (x300). C, Marrow at 21 days (x240). 


4 
2 
A 4 
**_* *e ~ @ o 0% 
«, 
5 at bd 
nd 
ne | 
ed 


282 Longerbeam et al 


Dogs treated with bone marrow and 
splenic suspensions, after irradiation, showed 
a bone marrow picture identical to that de- 
scribed for untreated controls until the 
eighth or ninth day, at which time myeloid 
and erythroid series of cells reappeared in 
the bone marrow. This reappearance of cells 
in the bone marrow correlated with a be- 
ginning rise in the peripheral white blood 
cell count (Fig. 6). By the fourteenth day, 
bone marrow regeneration was usually well 
advanced, and by the twenty-first day often 
appeared hyperplastic (Fig. 7). 

Pathologic aspects. Death from acute ir- 
radiation illness in the control dogs usually 
occurred in 8 or 9 days, while the occasional 
death in dogs unsuccessfully treated with 
splenic or bone marrow suspension occurred 
between the ninth and fourteenth days. 

In all of these dogs, both treated and un- 
treated, the characteristic finding at autopsy 
was a fibrinoid hemorrhagic bronchopneu- 
monia. In addition, the bowel wall was 
usually thin and pale, and scattered pete- 
chial mucosal hemorrhages, and minute 
mucosal ulcerations were present. At radi- 
ation doses above 900 r, the petechial hem- 
orrhages in the bowel were more numerous, 
but in only 3 animals did it appear severe 
enough to contribute to the cause of death. 
Epicardial subendocardial  petechial 
hemorrhages were present in approximately 
10 per cent of the animals, and were more 
numerous at higher irradiation doses, but 
again they were probably of little clinical 
significance. The spleen in the control dogs 
was usually small and weighed less than 25 
grams. These spleens, as well as the lymph 
nodes, showed marked hypocellularity on 
microscopic examination. 

Late deaths. A small group of treated 
animals lived beyond the second week only 
to die in 3, 4, or 5 weeks. Although hemato- 
logic recovery was apparently complete, 
these animals remained anorexic and gradu- 
ally lost weight in spite of continued forced 
feedings until they were emaciated “shells” 
with hunch backs and ruffled hair. It is in- 
teresting that Urso and Congdon*’ have de- 
scribed an identical syndrome in lethally 
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irradiated small animals that have been 
given just barely enough bone marrow cells 
to permit prolonged but not permanent sur- 
vival. In small animals given larger doses 
of bone marrow, this syndrome did not oc- 
cur. The dogs which developed this syn- 
drome were also found to have received a 
borderline number of cells (1.5 to 2 x 10° 
cells). 


RESULTS 


Effect of temperature and pH. A pilot 
study has been performed to determine the 
effects of temperature and pH upon the 
viability of cell suspensions stored for short 
periods of time. In Table III the effects of 
storage at 5° and 25° C. are shown. There 
is a slightly more rapid decline in viability 
at the higher temperature, but in this small 
study it does not appear to be as important 
a factor as has been reported.'® Careful ad- 
justment of the pH is of great importance 
for maintaining viability, since at a pH of 
6.8 or below there is a lower initial as well 
as a more rapid decline in viability than is 
evident at a pH of 7.2 to 7.4 (Table IV). 

During the developmental stage of the 
technique for the preparation of splenic sus- 
pensions, 16 dogs were treated with splenic 
suspension prepared from spleens which were 
neither cooled nor perfused and no attention 


Table III. Effects of storage temperature on 
bone marrow viability 


Temperature No. of Viability (%) 
(C.) specimens | Initial | 2 hr. | 4 hr. 
- 5 61.5 54.8 48.7 
25° 5 60.9 53.5 41.8 


Table IV. Effects of diluents and pH on 


bone marrow viability 


No. of Viability 

pH | specimens (%o) _ 
Tis-U-Sol heparin 6.3 4 57 
Tis-U-Sol heparin 6.8 2 67 
199-EDTA 6.9 2 75 
Hilal’s 6.6 2 a1 
Hilal’s 7.2 2 81 
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Number 
Table V 
No. of Dosage of total No. of % 
Group dogs Procedure body irradiation (r) survivors survival 
l 21 Controls 300-600 1 4.6 
2 15 Autografts of intact spleen 500 1 YP 
Shielding of spleen 500 3 27 


was given to adjustment of the pH. None of 
these dogs, all of whom were given 600 r 
total body irradiation, survived, and they 
are not included in the present report. 

Results in total body irradiation experi- 
ments. The individual experiments in this 
part of the study can be classified into 6 
groups. The first 3 groups (Table V) have 
been reported on previously and are briefly 
summarized. 

Group I. Of 20 dogs in this control group 
given 300 to 600 r total-body irradiation, 
only 1 dog survived and this dog received 
only 306 r. 

Group II. in this group of 15 dogs a 
splenectomy was performed and the abdo- 
men was closed temporarily. The spleen was 
cooled to 4° C. while the dog was being 
given 500 r of total-body irradiation. The 
spleen was immediately replaced after the 
irradiation as a whole-organ autograft by 
reanastomosis of the splenic artery and 
vein.'* This procedure did not give signifi- 
cant protection against the irradiation, even 
though the splenic vessel anastomoses were 
usually patent at autopsy. 

Group III. In the 11 dogs in Group III 
the spleen was pedicled around the splenic 
vessels and shielded in a lead box outside 
the abdominal cavity while the dog was given 
300 r total-body irradiation. In each case 
the spleen received less than 25 r measured 
dose. Again, this procedure did not provide 
significant protection against lethal total 
body irradiation. 

Group IV. The 21 dogs in this group were 
given 500 to 700 r total-body irradiation. 
The spleen was removed aseptically, and 
while the dog was being irradiated a suspen- 
sion was prepared from the entire spleen by 
the :nethod described. The splenic suspen- 
sion was given intravenously immediately 


after irradiation. The clinical course in these 
dogs, especially in those receiving only 500 
r, was distinctly different than in the pre- 
ceding groups. The dogs remained alert and 
active in their cages. Anorexia and vomiting 
did not occur and these dogs continued to 
take water and milk voluntarily. The white 
blood cell count began to decline at about 
the same time as in the first 3 groups, but 
in the survivors never fell below 300 cells per 
cubic millimeter, and a rapid return of the 
white blood cell count to normal usually 
began about the eighth or ninth postirradi- 
ation day. The bone marrow also became 
very hypocellular. Only a few cells of the 
lymphoid and plasma cell series were present 
by the eighth or ninth day. By the four- 
teenth day regeneration of bone marrow 
was usually well under way and at the end 
of 3 weeks, the bone marrow appeared nor- 
mal or hyperplastic. Typical signs of irradi- 
ation illness appeared with increasing doses 
of irradiation, but these dogs, in general, 
were not nearly as ill as their counterparts 
in the control group. Of 10 dogs receiving 
500 r, 9 survived and 3 of 6 given 600 r 
survived, while at 700 r, 2 of 4 survived. 
When these results are analyzed in terms of 
the total number of viable cells given, the 
results are more meaningful (Table VI). 
In dogs which received less than 3 billion 
splenic cells, the survival rate was 50 per 
cent, but in those which received more than 
3 billion cells, the survival rate was increased 
to 79 per cent. Furthermore, dogs receiving 
the largest number of cells usually had the 
mildest clinical course. 

Group V. Twenty-nine dogs were given 
doses of total-body irradiation varying from 
500 to 1,000 r. Each of these dogs was 
treated with an autologous bone marrow 
suspension prepared as described. The re- 
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Table VI. Group 4, autologous spleen cell infusions: survival correlated with 


lymphoid cell dose 


Radiation dose 


Less than 3.0 X 109 viable cells 


Greater than 3.0 x 109 viable cells 


(r) No. of dogs | No. of survivors | % survival | No. of dogs | No. of survivors | % survival 


500 2 1 
600 4 2 
700 


50 8 8 
50 3 2 


- 4 2 


Totals 6 3 


50 15 12 


Table VII. Group 5, autologous bone marrow infusions: survival correlated with 


bone marrow dose 


Radiation dose 


Less than 2.0 X 109 viable cells 


Greater than 2.0 x 109 viable cells 


(r) No. of dogs | No. of survivors | % survival | No. of dogs | No. of survivors | % survival 


500 
600 
700 
900 
1000 


0 100 
0 75 
33 100 
0 100 
33 50 


Totals 


17 88 


sults of this experimental group are shown 
in Table VII. Seventeen of 29 dogs sur- 
vived, an over-all survival rate of 59 per 
cent. If examined in terms of the total num- 
ber of viable bone marrow cells given, it 
is evident that dogs which received less than 
2 billion cells had a survival rate of 17 per 
cent, and in dogs which received more than 
2 billion cells, the survival rate was increased 
to 88 per cent. The clinical and hematologic 
course in the surviving dogs in this group 
was almost identical to that of the surviving 
dogs in Group IV. With increasingly higher 
doses of irradiation, the symptoms of radi- 
ation illness were intensified, but in dogs 
which received the largest number of cells, 
the symptoms were ameliorated at all irradi- 
ation dose levels. 


COMMENT 


The experiments reported have all been 
carried out under ordinary laboratory con- 
ditions with adult mongrel dogs in apparent 
good health which were not isolated from 
other stock dogs. Although isolation units 
and a kennel-raised strain of dogs are de- 
sirable and no doubt would increase the 


number of survivors, they are not manda- 
tory and, indeed, such conditions are im- 
possible to attain in most experimental labo- 
ratories. 

The techniques of preparing bone mar- 
row and splenic suspension described are 
effective and uncomplicated and require a 
minimum of equipment. Any of the bal- 
anced salt solutions suitable for tissue culture 
work, to which antibiotics and anticoagu- 
lants have been added in the concen- 
trations indicated are satisfactory suspend- 
ing solutions. Careful adjustment of the pH 
of the suspending solution to 7.2 and cool- 
ing of the suspension to 4° C. during the 
entire in vitro period will increase viability 
of the cells. 

Investigators have reported that small 
animals can be protected against lethal 
total-body irradiation by a variety of splenic 
and bone marrow preparations, including 
even cell-free extracts of spleen.® There 1s 
evidence, however, that even in small ani- 
mals the greatest protection is afforded by 
viable cells, and the protection is propor- 
tional to the number of cells given.2” *’ The 
results reported here seem to be in agree- 
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ment with the latter statement, since the 
degree of protection afforded was propor- 
tional to the number of viable cells given. 
Also, dogs which received the largest num- 
ber of cells had the mildest clinical courses. 
This would suggest, but not prove, a 
cellular rather than a humoral factor as 
the protective agent. 

There is some evidence that dividing cells 
are necessary for protection against total- 
body irradiation.* If true, this would ac- 
count for the apparently somewhat greater 
effectiveness of bone marrow cells as com- 
pared to spleen cells observed in_ these 
experiments, because bone marrow contains 
a higher percentage of dividing cells. The 
possibility that a humoral factor is present 
and is operating to stimulate regrowth of 
bone marrow and lymphatic cells has not 
been excluded. This is particularly true 
with splenic suspensions, in which stained 
smears have shown many fragmented cells 
from which humoral factors may well have 
been released. Further studies are in prog- 
ress to evaluate this potential humoral 
factor. 

These initial studies with bone marrow 
and splenic infusions have all been con- 
cerned with autologous tissue. It has been 
our thought that in this type of trans- 
plantation, as well as with whole-organ 
autotransplants, the mastery of principles 
underlying successful autotransplantation 
will greatly aid in solving similar problems 
with homologous transplants of all kinds. 

The immediate goal is to be able to 
protect dogs up to 2,000 r. This goal may 
be achieved if experiments in progress indi- 
cate that the protective effects of spleen 
and bone marrow suspensions are additive. 
If dogs can be consistently protected by a 
combination of spleen and bone marrow at 
these levels, consideration will be given to 
using similar techniques to treat dissemi- 
nated cancer in patients. It is encouraging 
that the spleen is infrequently involved in 
disseminated carcinoma. 

The eventual goal, which is perhaps some- 
what remote even though the work is al- 
ready in progress, is to use these techniques 
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for the successful grafting of homologous 
spleen and bone marrow in animals. 
Thomas** has indicated that some of the 
late deaths in dogs treated with irradiation 
followed by bone marrow homografts may 
have been due to the failure of the infused 
homologous bone marrow to restore lymph- 
oid function and immunologic defenses in 
the lymph nodes and spleen of the recipient, 
even though bone marrow in the recipient 
was completely restored. Perhaps suspen- 
sions of both homologous spleen and bone 
marrow will restore not only the hemato- 
poietic tissues but also the immune mecha- 
nisms of lymph nodes and spleen of the 
recipient. Again, radiation in doses up to 
1,500 to 2,000 r and perhaps higher?® will 
apparently be necessary to destroy the ani- 
mal’s own immune mechanism if homografts 
are to be successful. If such a radiation 
chimera can be produced in the hemato- 
poietic and lymphatic tissues of a recipient 
dog, then whole-organ homografts, taken 
from the donor of the spleen and bone 
marrow cells, can also be transferred suc- 
cessfully to this animal. The technical 
aspects of transferring whole-organ grafts of 
such organs as stomach, small intestine, 
kidneys, liver, and the heart have already 


been mastered in this as well as in other 
laboratories.** 1% 11, 14, 19 


SUMMARY 


Techniques have been developed to ob- 
tain and process splenic and bone marrow 
cell suspensions which have produced large 
yields of viable cells, up to 22 billion viable 
spleen cells and 20 billion viable bone mar- 
row cells. These preparations of autologous 
spleen and bone marrow cells have protected 
dogs maintained standard laboratory 
conditions and given lethal or supralethal 
total body irradiation. The degree of pro- 
tection afforded appears to be approxi- 
mately proportional to the total number of 
viable cells given. For a given number of 
cells, bone marrow cells appear to be 
slightly more protective than spleen cells, 
especially at the higher levels of irradia- 
tion. This may be due to the higher per- 
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centage of dividing cells in the bone 
marrow. The data presented favor the 
theory that the protection resulting from the 
use of these suspensions in lethally irradiated 
dogs is on a cellular rather than a humoral 
basis, but humoral factors have not been 
excluded. 

The immediate goal of this study is to 
afford protection to dogs from up to 2,000 r, 
perhaps by a combination of bone marrow 
and splenic infusions, after which considera- 
tion will be given to the use of this tech- 
nique to treat disseminated cancer in 
patients. The ultimate goal is to produce 
a radiation chimera in which whole-organ 
homografts can be carried out. 


We acknowledge gratefully the aid of Mrs. 
Betty Jane Points and Miss Cecelia Mi, laboratory 
technologists, and Mr. Donald Battles and Miss 
Marlene George in carrying out these experiments. 
Neomycin was furnished as Mycifradin by The 
Upjohn Company. 
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Studies in the preservation of bone marrow 


VICTOR RICHARDS, M.D. 
MAXIM PERSIDSKY 
SAN FRANCISCO, CALIF. 
From the Department of Surgery, 


t has been amply demonstrated that a 
variety of animals will survive lethal doses 
of irradiation if given intravenous infusions 
of living bone marrow or other hematopoietic 
cells. Similarly, fatal doses of radiomimetic 
agents, often used in cancer chemotherapy, 
can be tolerated in animals, provided that 
viable bone marrow is administered in either 
isologous or homologous form. Efforts to 
adapt the implications of these experimental 
observations to problems in man have re- 
cently been made, and the initial observa- 
tions of McGovern and associates’ have been 
extensively reviewed in a recent paper by 
Mathé® on the application of hematopoietic 
cell grafts to the treatment of leukemias and 
allied diseases in man. Autologous marrow 
clearly restores bone marrow with hema- 
topoietic cells, replacing those which have 
been destroyed by irradiation or chemo- 
therapy. Homologous cells, unfortunately, 
are rejected through the homograft reaction 
or, if they remain viable, may initiate sec- 
ondary homologous immune disease. Sur- 
geons have been interested for years in the 
problems of homologous tissue transplanta- 
tion, but more recently have been con- 


fronted with the more urgent problem of 


preservation and transplantation of autol- 
ogous marrow incident to the extensive use 
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of radiomimetic agents in cancer chemo- 
therapy. 
Ferrebee and colleagues? have studied the 
collection, storage, and preparation of viable 
marrow for a number of years. More re- 
cently, Pegg and Kemp’ have reported on 
the collection, storage, and administration 
of autologous human bone marrow. Regard- 
less of whether autologous marrow, fetal 
marrow, or cadaver marrow has been uti- 


lized, investigators have in general preserved | 


the marrow by the slow freezing method 
of Polge and his co-workers.’* This method 
consists basically of the addition of glycerol 
to the preparation of the marrow in ap- 
proximately 15 per cent concentration and 
slow freezing of the marrow at the rate of 
about 1° C. per minute down to —79° C., 
then storage at this low temperature. 

The mechanism by which glycerol acts 
against death of cells during freezing and 
thawing has been most extensively studied 
on red blood cells by Lovelock.* His studies 
suggested that glycerol protects the red 
blood cells during freezing by preventing 
excessive salt concentrations in cells, owing 
to the growth of extracellular ice crystals. 
The glycerol, then, may prevent lethal intra- 
cellular dehydration incident to the crystal- 
lization of ice during the freezing process. 
Lovelock has suggested that any one of a 
number of nontoxic nonelectrolytes of low 
molecular weight might serve the same func- 
tion. However, his own experiments have 
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failed to show any compound more effective 
than glycerol. 

The marrow cell is basically different 
from the red blood cell in that it is a nucle- 
ated cell. Its survival during freezing with 
glycerol might be entirely different, and 
it appears desirable to study the protecting 
effects of many substances other than glyc- 
erol on the marrow cell. Furthermore, 
glycerol should be removed from the cells 
prior to intravenous infusion. This removal 
of glycerol from the thawed cell suspensions 
is tedious and inconvenient, and damage to 
the cell may occur during the thawing proc- 
ess from osmotic lysis. 

Clearly, there are several basic problems 
in the preservation of marrow which re- 
quire continued study; (1) the search for 
substances other than glycerol that would 
be desirable preservatives during the freez- 
ing process, (2) methods of assessing the 
viability of frozen marrow cells, (3) the 
effects of various storage temperatures, dif- 
ferent freezing velocities, and possibly even 
freeze-drying techniques in the preservation 
of marrow, and (4) the study of the mecha- 
nism of cell death during the freezing and 
thawing process. 

The purpose of this presentation is to 
relate our experiences in the preservation 
of marrow with respect to (1) the sub- 
stances used to preserve marrow during the 
freezing and thawing process, (2) the effects 
of different cooling velocities and the time 
of the initiation of ice formation, and (3) 
the methods of assessing cell survival by 
the use of tissue culture techniques followed 


by phase microscopy of the preserved mar- 
row cell. 


BASIC INSTRUMENTATION FOR 
STUDIES IN MARROW 
PRESERVATION 


The photomicrography and cinemicrog- 
raphy of the marrow cells during the freez- 
ing process was accomplished by use of the 
instrument originally designed by Rapatz 
and Luyet'* and perfected here by Persid- 
sky. This instrument is illustrated in Fig. 1. 
Basivally, it consists of a horizontal micro- 


Fig. 1. Apparatus used for photomicrography. 


scope, the stage of which is replaced by a 
thermoinsulated chamber containing an al- 
cohol or isopentane bath, depending upon 
the temperature used. The temperature of 
the fluid in the bath is lowered by the 
aspiration of liquid nitrogen through the 
enclosed space between the chamber, and 
the thermoinsulation is regulated by the 
Brown Puls Pyr-O-Vane Controller. This 
thermoregulator activates the solenoid valve 
which controls the aspiration of liquid nitro- 
gen through the chamber and thereby holds 
the temperature at a constant level accord- 
ing to the predetermined setting on the 
thermoregulator. A specimen holder on a 
movable vertical carrier immerses the prepa- 
ration. The specimen is embodied between 
2 cover slips sealed with petroleum jelly. The 
specimen carrier brings the specimen into 
the bath and carries it into proper position 
with respect to the microscope objective. 
The instrument has been so designed that 
phase microscopy is also possible with this 
temperature-controlled system. 
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Fig. 2. Photomicrographs of freezing marrow A, 
Before ice forms (0° C.), B, ice crystals forming 
(-6° C.), C, before thawing of ice (0° C.), and 
D, after thawing (0° C.). 


The details of construction and operation 
of the instrument will be described in a 
separate paper.’? Fig. 2 shows photomicro- 
graphs of freezing marrow. 


A SIMPLIFIED FREEZING 
SYSTEM 


The Polge method of freezing consists of 
lowering the temperature of the medium 
at 1° C. per minute. It involves rather 
elaborate equipment and does not permit 
visibility or manipulation of the specimen 
during the freezing process. As an out- 
growth of our new refrigerating system for the 
microscope stage, we have developed in our 
laboratory a simple apparatus for permitting 
controlled cooling rates with freedom to 
observe and manipulate the specimen dur- 
ing the freezing process. This apparatus 
consists of a coil of copper tubes immersed 
in an alcohol bath in a Dewar flask which 
contains a power stirrer. Liquid nitrogen 
is aspirated through the copper coil by 
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means of a vacuum line. The rate of flow 
of the liquid nitrogen is controlled by a 
needle valve. The temperature of the bath 
is measured by a thermocouple and recorded 
by a recording galvanometer. Adjustment 
of the needle valve permits setting of the 
cooling rate of the bath at 1° C. per minute 
(Fig. 3). 

The details of this apparatus will be de- 
scribed in a separate publication.’ 


METHODS OF ASSESSING 
VIABILITY OF MARROW 
CELLS AFTER FREEZING 


A critical problem in the study of preser- 
vation of bone marrow is the determination 
of the viability of the marrow after freez- 
ing in a simple, yet quantitative, manner. 
We have considered 5 possible methods; 
(1) tissue culture techniques followed by 
phase microscopy of the cultured marrow, 
(2) quantitative injections of isologous mar- 
row into a lethally irradiated inbred strain 
of mice, (3) interference microscopy of the 
frozen marrow cell, (4) uptake of tritiated 
thymidine by preserved marrow contained 
in Millipore diffusion chambers in isologous 
and homologous animals, and (5) the leak 
of fluorescent dyes from the cells during 
freezing and thawing measured with a 
Turner fluorometer. 

Of these various methods, we shall report 
on the tissue culture method, followed by 
phase microscopy. This has proved to be 
the simplest and most reliable method and 
permits the assessment of crucial initial 
factors in the freezing and thawing process. 
The work reported has been verified by 
initial experiments on the injection of pre- 
served marrow into lethally irradiated ani- 
mals. We are beginning the study of marrow 
by interference microscopy and fluorometry, 
but have no corroborative data on these 
methods at the present time. 


THE TISSUE CULTURE 
TECHNIQUE FOLLOWED 
BY PHASE MICROSCOPY 


A simple tissue culture method has been 
adapted for the quantitative evaluation o! cell 
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viability after different methods of freezing 
and preservation of marrow. After incuba- 
tion, living cells adhere to strips of cover 
glasses placed in horizontal culture bottles 
containing a mixture of Hank’s solution and 
serum. After 24 hours of incubation, the 
cover glasses are washed to remove the 
dead cells and cell viability is estimated by 
the use of the phase-contrast microscope. 
The live cells are usually elongated, often 
have small processes, and appear bright 
in “negative” phase-contrast illumination. 
Their cytoplasmic content appears uniform 
and the nucleus is barely recognizable. Dead 
cells, on the other hand, show a sharply 
delineated nucleus, frequently pyknotic, 
granulated cytoplasm, or else may be very 
small and compact. Many dead cells appear 
dark in phase-contrast illumination. The to- 
tal number of live cells in each of 5 random 
fields was counted to quantitate the cell 
viability. Fig. 4 is a photograph of cells 
after tissue culturing on a cover slip under 
phase microscopy. The red blood cells, 
nucleated marrow cells and the live and 
dead cells can be easily distinguished. 


METHODS OF LOW 
TEMPERATURE PRESERVATION 


All the experiments that will be reported 
were conducted on rat bone marrow. 

Control. Bone marrow cells obtained 
from the femur were suspended in a culture 
medium consisting of 3 parts of rat serum 
and 1 part of Hank’s solution. This suspen- 
sion was placed in a 15 c.c. Kimox serum 
bottle which was horizontally inclined. A 
narrow strip of a glass cover slip was placed 
in each bottle. After 24 hours of incubation 
at 37° C., viable cells were found attached 
to the glass cover slip. The dead cells which 
were not attached to the cover slip were 
removed by washing the cover slip in a 10 
per cent dextrose-saline solution. The viable 
cells in 5 randomly selected microscopic 
fields were counted under x40 magnifica- 
tion with phase-contrast microscopy. The 


_ Vieble and the dead cells could be easily 


co:nted and a quantitative assay of the 
el! cts of various methods of cold tempera- 
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ture preservation could be analyzed. 

The effects of various concentrations of 
glycerol as a protective agent. Glycerol was 
used more or less as the control medium 
in the light of numerous experiments by 


Fig. 4. Phase microscopic studies of cultured mar- 
row cells. A, Almost all cells are alive (refractive) 
with active cellular processes. B, Many cells are 
alive; some are dead. C, Most cells are dead; 
some are alive. D, Almost all cells are dead. 


| 
: Fig. 3. Simplified cooling apparatus. 
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many workers. After a short exposure to 
15 per cent glycerol at room temperature, 
in the same culture medium as the control, 
cells were analyzed under the phase micro- 
scope. Many cells began to exhibit a bubble- 
like expansion in the cell membrane. The 
membrane finally burst and with loss of 
continuity of its membrane the cell died. 
Such cells were dark under the phase-con- 
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Fig. 5. Control effects of glycerol on cultured 
cells. 
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trast microscope, while the other cells which 
were intact remained bright and_ hig! ily 
refractive. After prolonged exposure o/ | 
or 2 hours to glycerol in a 20 per cent con- 
centration, the majority of the cells were 
found to undergo bubble-like transforma- 
tion and death. In 10 per cent glycerol, 
however, only a small percentage of cells 
were affected in this way. The 15 per cent 
glycerol was intermediate in this respect. 
After the exposure of cells to the effect of 
glycerol they were washed and cultured. 
At the 10 per cent glycerol concentration, 
56 per cent of the cells remained alive. At 
the 15 per cent concentration, only 25 per 
cent remained alive and at the 20 per cent 
concentration, only 15 per cent remained 
alive. In plotting, the results of the cell 
count in the control group (not exposed to 
glycerol) have been taken as the 100 per 
cent figure. It was found that 10 per cent 
glycerol was the most satisfactory concen- 
tration when freezing was employed with 
tissue culture technique (Fig. 5). 

The evaluation of the standard Polge 
technique of freezing. The protective effect 
of various concentrations of glycerol on pre- 
served marrow, with the standard Polge 
technique of freezing, was evaluated. Con- 
centrations of glycerol ranging 5, 10, 15, to 
20 per cent were studied. Several different 
freezing velocities in the first stage of freez- 
ing (down to —25 °C.) were studied, with 
1 ml. of cell suspension in 10 ml. test tubes. 
Lowering of the temperature at 1° per 
minute down to 25° C. was found better 
than the faster freezing velocities. The sec- 
ond stage of freezing was always to —79° C. 
in an alcohol bath. After 10 minutes of 
exposure to these low temperatures, the 
material was thawed rapidly in a 38° C. 
water bath and survival of cells was found 
to be only 5 to 6 per cent by the tissue cul- 
ture technique. 

The seeding of ice formation was found 
to be an important variable in cell survival. 
Spontaneous ice formation takes place at 
about —20° C., but with the simple freezing 
methods described, initiation of ice forma- 
tion could be made to occur at any desired 
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ICE SEEDING TEMPERATURE 


Fig. 6. Effects of temperature of ice seeding, 
glycerol versus PVP. 


temperature merely by touching the speci- 
men with a metal rod cooled in liquid 
nitrogen. Seeding of ice was performed at 
-5° C. Spontaneous freezing with the tem- 
perature lowered at 1° per minute took 
place between -18 and -25° C. in the 
medium containing 15 per cent glycerol. 
The temperature of initiation of ice forma- 
tion did not have striking effects on the 
result, but in general the seeding of ice 
formation at —53° C. gave the best results 
and averaged about 9 per cent survival. The 
effect of seeding ice formation at different 
temperatures with 15 per cent glycerol treat- 
ment is illustrated in Fig. 6. 

Comparative study of the protecting ef- 
fect of other substances in the freezing of 
cells. Low molecular weight, nontoxic com- 
pounds such as choline chloride and sorbital 
were studied. The protecting effect of poly- 
vinylpyrrolidone (PVP), however, was stud- 
ied in greater detail and is reported. 

Effects of freezing cells with polyvinyl- 
pyrrolidone of 30,000 molecular weight 
(Plasdone C), 5, 10, 15, or 20 per cent, were 
examined. Ten per cent was found to be 
the most satisfactory concentration of poly- 
vinylpyrrolidone in the preservation of mar- 
row by freezing (Fig. 7). The effect of dif- 
ferent temperatures of seeding of ice forma- 
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tion under polyvinylpyrrolidone protection 
was also studied. With the seeding at —5° C., 
29 per cent of the cells on the average were 
found to survive freezing in polyvinylpyr- 
rolidone of 10 per cent concentration. 

The addition of 10 per cent polyvinyl- 
pyrrolidone to the culturing medium had 
a very good effect on cell growth. In the 
control studies without polyvinylpyrrolidone, 
the number of cells surviving was counted, 
and this was used at the 100 per cent sur- 
vival point in the calculation of survival 
data. The addition of polyvinylpyrrolidone 
also stabilized the cell suspension and pro- 
tected it from clumping after freezing and 
thawing. 

The effects of polyvinylpyrrolidone on 
preservation of marrow are compared with 
the use of 10 per cent glycerol at various 
temperatures of ice seeding in Fig. 6. 


COMMENT 


We sought to answer 5 basic questions 
in our studies on the freezing and preser- 
vation of marrow. (1) What is the effect 
of the freezing velocity on the per cent of 
cell survival? (2) What substances are pro- 
tective at optimal freezing velocities? (3) At 
what temperature should ice formation be in- 
itiated during the freezing of cells? (4) What 
is the mechanism of cell death during freez- 
ing and thawing? (5) Are there protective 
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Fig. 7. Effects of different concentrations of PVP. 
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Fig. 8. Effects of different molecular weights of 
PVP. 


substances which will permit not only freez- 
ing and thawing but also freeze-drying of 
the marrow cells? 

Luyet? has studied extensively the mech- 
anism of growth of ice crystals in aqueous 
solutions and the effect of rapid cooling in 
hindering crystallization. He has pointed 
out that the types of ice formations vary 
with the temperature at which crystalliza- 
tion begins. In the temperature ranges from 
~3 to —10 degrees, ice crystallizes as hex- 
agonal prisms, stars, or rosettes. Very rapid 
cooling hinders crystallization and permits 
the freezing of water in an amorphous, 
vitreous, or “glasslike” state. According to 
Luyet, the vitreous or “glasslike” state is 
just one stage in a complex crystallization 
process related to cooling velocity and tem- 
perature of the frozen water. The details 
of “particular” or intermediate ice patterns 
in gels and the periodic phenomena in the 
freezing of solutions have been studied very 
carefully by Persidsky and Luyet.’® The ef- 
fects of slow and rapid freezing of blood 
on the pattern of ice formation in blood 
have been extensively studied by Rapatz 
and Luyet,'® and these authors have also 
analyzed in a detailed fashion the effects 
of glycerol on the type of ice formation 
in frozen blood. They have also demon- 
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strated the types of recrystallization tht 
occur on warming and thawing of the frozin 
blood specimen. Rinfret and Dobbler’® be- 
lieve that rapid freezing velocities are so 
important in the preservation of blood that 
they have developed a simple, practical pro- 
cedure for freezing blood in droplet form. 
The droplets are allowed to impinge on a 
continuously renewed surface of liquid nitro- 
gen at —196° C. We have tried to evaluate 
the effects of different freezing velocities in 
the preservation of marrow and our studies 
indicate that with marrow cells, slow freez- 
ing at the rate of 1° C. per minute, in the 
manner of Polge, is optimal. We have also 
demonstrated that the crystallization of wa- 
ter is optimally begun at —5° C. We are 
undoubtedly producing ice crystals of fairly 
large size and the fact that optimal survival 
of ceils occurs with this slow freezing ve- 
locity is additional evidence that ice crystal 
formation per se is not necessarily lethal 
to cells. Assuredly, these crystals are form- 
ing primarily in the intercellular spaces and 
intracellular freezing is not taking place until 
a much lower temperature is reached. 
Lovelock,* in his studies of substances 


protective against freezing injury to red 


blood cells, has concluded that it is the con- 
centration of salts that is primarily respon- 
sible for freezing injury and that the lipo- 
proteins appear to be the most sensitive cell 
constituents. According to Lovelock’s hy- 
pothesis, salt which concentrates in solution 
during freezing acts upon the red blood 
cells and renders them permeable to cations. 
The cells then accumulate electrolytes and 
become susceptible to osmotic lysis when 
exposed to the lowered osmolarity of the 
medium after thawing. When freezing is 
slow and ice crystals are extracellular, flex- 
ible animal cells can adapt themselves to 
their altered shapes without suffering ir- 
reparable mechanical injury. Cell death, 
according to Lovelock, results from the 
denaturing effect of high salt and_ solute 
concentration attending the dehydration that 
accompanies freezing. Actually, intracellular 
water would pass through the pores of the 
cell membrane, if such exists, and freeze in 
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the extracellular spaces, thereby producing 
the intracellular dehydration and high salt 
concentration. Some water, of course, is 
firmly bound within the cell as bound water, 
and it is postulated that most mammalian 
cells can tolerate the removal of up to 75 
per cent of the water without suffering irrep- 
arable change. Lovelock’s theory further 
postulates that the introduction of a ma- 
terial which would be nontoxic to the cell 
and which could fairly freely diffuse across 
the cell membrane might prevent excessive 
intracellular dehydration and thereby pre- 
vent cell death during freezing. Glycerol, 
which was discovered initially in 1949 by 
Polge, and his group** to protect bull sper- 
matozoa from injury by freezing, is such 
a substance. In theory, however, any non- 
toxic compound of low molecular weight 
should prevent freezing and thawing dam- 
age. Bender and associates’ studied the 

preservation of bone marrow cells in mice 
and tested experimentally some of the postu- 
lates of Lovelock. They demonstrated that 
polyhydric alcohols of low molecular weight, 
namely ethylene glycol, glycerol, erythritol, 
ribitol, mannitol, and sorbitol would pre- 
serve enough viable bone marrow cells after 
freezing to protect lethally irradiated mice 
on isologous frozen marrow transplantation. 
They also demonstrated that marrow cells 
can tolerate a temperature of —196° C. just 
as well as a temperature of —70° C. Simi- 
larly, they showed that cells frozen in 
solutions of sugars, such as inositol, glucose, 
and lactose, could also be preserved in a 
viable fashion after freezing. Another or- 
ganic compound of low molecular weight, 
choline chloride, was also effective. Quanti- 
tation of cell survival was extremely difficult 
in their experiments, but the biologic end- 
point of preservation of life by transplanta- 
tion of the frozen isologous marrow cells 
after lethal total body irradiation seems 
conclusive. Curiously enough, they tried 
PVP in 7 per cent concentration and found 
it completely ineffectual, but they continued 
to use it 'in 3.5 per cent suspension in Tyrode 
solution, since PVP prevents the clumping 
of marrow cells during the freezing and 
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thawing process. They concluded that the 
protective compounds must enter the cell 
to protect against freezing and thawing 
damage and warned that different species 
of animals may have different cell perme- 
abilities. To summarize, then, current 
theories of freezing injury postulate that 
cell death may occur in 1 or all of 3 
fashions: (1) direct pressure from extra- 
cellular ice formation (mechanical injury), 
(2) ice formation within the cell (intracel- 
lular freezing probably results in crystals 
sufficiently large and numerous to break the 
cell protoplaamm and membrane), and (3) 
excessive concentration of electrolytes within 
the cells and denaturation of the cell pro- 
teins incident to the dehydration accom- 
panying extracellular ice formation and the 
rehydration on thawing. 

Glycerol, which has generally proved to be 
the most effective agent preserving the 
viability of cells undergoing freezing and 
thawing injury, may act by (1) decreasing 
the crystallization velocity, (2) diluting the 
hypertonic solutions resulting from the sepa- 
ration of pure ice, (3) facilitating super- 
cooling, or (4) permitting the formation of 
amorphous or vitreous semicrystals at a 
small size at low temperatures. 

Our results indicate that PVP (Plasdone 
C), in concentrations of 10 per cent, was 
considerably superior to 15 per cent glycerol 
in the preservation of rat bone marrow. Ten 
per cent PVP also proved to be beneficial 
for cell growth in the tissue culture method. 
It prevented the clumping of cells after 
freezing and the maximal cell surivival oc- 
curred when ice formation was induced at 


‘about —5° C. The molecules of PVP are 


obviously far too large to penetrate the 
cell membrane and its protective action 
against freezing injury cannot be by the 
binding of intracellular water incident to 
the penetration of PVP within the cell. 
The pharmacologic aspects of PVP, a syn- 
thetic polymer of acetylene, ammonia, and 
formaldehyde, are not completely under- 
stood. It is essentially nontoxic and is rapidly 
excreted through the kidneys, but may be 
stored in small amounts in the reticuloendo- 
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thelial system. It has a curious “vehicle” 
function and can chemically bind certain 
molecules such as dyes, bilirubin, penicillin, 
insulin, and various bacterial and viral 
toxins. It is not metabolized.* We have postu- 
lated that PVP forms a protective coat 
around the cell membrane and plugs the 
“pores” in the cell membrane which are 
necessary for the transport of water across 
the cellular membrane. This coating or pro- 
tecting effect may vary with temperature, 
but the escape of intracellular water must 
be prevented early enough in the dehydra- 
tion process incident to extracellular ice 
formation that intracellular freezing in all 
probability does not occur. We are extremely 
anxious, therefore, in our future work to 
study the transport of substances in and out 
of the cell during the freezing process under 
PVP protection. 

One of the tremendous advantages of 
PVP over glycerol is that it permits not only 
survival from freezing and thawing injury, 
but also facilitates drying of living frozen 
tissue and cells. Glycerol may be a good 
preservative from the standpoint of preven- 
tion of freezing injury, but unfortunately it 
is nonvolatile and concentrates during dry- 
ing, leaving the dried product in anhydrous 
glycerol. The glycerol, of course, is both 
intra- and extracellular and live mammalian 
cells cannot be obtained after drying in a 
elycerolated medium. 

Of great interest is the recent demonstra- 
tion by Merryman® on the drying of living 
mammalian cells. He clearly points out that 
the preservation of cells by freezing involves 
not only the injury incident to freezing, but 
also a second comparable insult relative to 
thawing, since the processes of freezing and 
thawing are inseparable in the use of frozen 


material. An alternate pathway by which. 


cells could return from the frozen state 
would be drying after freezing. Merryman 
has demonstrated that reconstitution and 
viability of living cells after freeze-drying is 
only possible at the final drying process and 
reconstitution process requires 40 per cent 
dextran or PVP. He postulates that drying 
is a two-step process. The initial process is 
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drying down to about 10 per cent of residual 
water, which represents the tightly bound 
water within the cell. Further removal of 
the water from the cell, without the applica- 
tion of dextran or PVP, irreparably damages 
it. He postulates also that dextran or PVP 
in the rehydrating solution provides a pro- 
tecting “blanket that coats the cell and 
plugs the hole until the membrane recovers 
its integrity.” The dextran or PVP preserves 
the integrity of the pore or hole in the 
cell membrane so that proper rehydration 
can take place on reconstitution of the cell 
with water. Merryman’s experiments were 
performed initially with red blood cells and 
subsequently with bull spermatozoa. Ob- 
viously, the demonstration of the preserva- 


tion of marrow cells under PVP protection 


during freezing opened to us the possibility 
of studying freeze-drying of marrow cells. 
Initial work in this direction has already 
begun. 


SUMMARY 


We have studied the problem of preserva- 


tion of bone marrow cells by freezing, em-’ 


ploying the techniques of microphotography 
and tissue culturing of frozen marrow with 
assessment of viability quantitatively under 
the phase-contrast microscope. Results have 
been verified by biologic experiments in 
which frozen isologous marrow was injected 
into lethally irradiated mice. We have re- 
ported on detailed studies with rat bone 
marrow. | 
Freezing velocity has been studied. We 
have found a freezing velocity of 1 degree 
per second in the temperature range of 0 to 
~27° C. as most desirable. The temperature 
at which ice formation is initiated has been 
studied and the most desirable temperature 
for initiation of ice formation is —5° C. with 
the slow freezing process. Different pro- 
tective substances have been evaluated with 
respect to 15 per cent glycerol as the control. 
We have found that PVP with molecular 
weight 30,000 in 10 per cent concentration 
gives superior results to 15 per cent glycerol 
in the preservation of marrow. It is postu- 
lated that the mechanism of protection from 
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freezing injury under PVP consists in coat- 
ing of the cell with PVP, plugging the 
“pores” in the cell membrane, and prevent- 
ing intracellular electrolyte concentration, 
ice formation, and excessive dehydration 
mechanisms whereby the cell is killed by 
freezing. PVP possesses the added advantage 
that it permits freeze-drying, a technique 
not possible with preservation under glyc- 
erol. 
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DISCUSSION* 


Dr. George L. Jordan, Jr. (Houston, Texas). We 
have been interested in bone marrow transplanta- 
tion and total body irradiation, and during the 
past 2% years we have performed experiments 
similar to those presented today. Some of our 
results, however, are at variance with the con- 
clusions of Dr. Longerbeam and associates. We 
have had survivals after 850 r total body irradia- 
tion with doses of marrow of less than 2 billion 
cells. We have not investigated the effect of ex- 
tremely high doses, however, and it is certainly 
possible that very high doses may give better 
protection. Within the past year we have studied 
autologous spleen transplants and have observed 
protection at relatively high doses of total body 
irradiation. In fact, the survival rate at 850 r is 
75 per cent, which is better than the survival 
rate after treatment with autologous marrow in 
our laboratories. We have not observed a detri- 
mental effect of homologous spleen and bone mar- 
row when given after low doses of total body 
irradiation. Animals so treated have clinical 
courses and survival times similar to those of the 
controls. 

In one of Dr. Lillehei’s earlier presentations 
he raised a question concerning the mechanism 
of protection after autologous spleen administra- 
tion and suggested the possibility of a protective 
action upon the animal’s own marrow rather 
than repopulation with splenic cells. We have 
conducted experiments to determine whether or 
not acellular extracts of spleen cells will give 
protection. They do not. We have also admin- 
istered splenic cells after irradiation of the spleen 
and these cells have failed to give protection. 
Dr. Mannick (Richmond, Va.). In Richmond 


we also have been interested for some time in 


*Discussion of papers by Longerbeam, Lillehei, Yunis, 
and Hilal; and Richards and Persidsky. 


\ 
| 
1 
| 
Wie 
) 
| 


298 Richards and Persidsky 


the problem of total body irradiation and mar- 
row transplantation and I would like to mention 
briefly 1 or 2 things which seem to us to make 
interpretation of results in this field somewhat 
difficult. The first of these is the problem of the 
relative biologic effectiveness of the radiation 
used. Two years ago from the laboratory of Drs. 
Thomas and Ferrebee in Cooperstown, we re- 
ported a series of dogs in which autologous bone 
marrow permitted survival after total body irra- 
diation in doses ranging from 600 to 1,500 r. 
Off hand, 1,500 r sounds like a lot more than the 
1,000 r that Dr. Longerbeam and Dr. Lillehei 
gave their dogs. However, the dogs in Coopers- 
town were irradiated with a double cobalt 60 
source. By convention this radiation has a rela- 
tive biologic effectiveness of 1.0, whereas I be- 
lieve Drs. Longerbeam and Lillehei used 250 
KVP x-ray which would have a relative biologic 
effectiveness of 1.4. Thus, in actual fact, the 1,000 
r at Minnnesota would equal 1,400 r at Coopers- 
town. This sort of discrepancy may very well 
account for some of the variation in results re- 
ported in the literature. 

The second difficulty, I think, is that of decid- 
ing when one has actually achieved a marrow 
autograft. Of course, there is no convenient cell 
marker which tells one whether or not a pe- 
ripheral leukocyte has been formed by the graft 
of autologous marrow, or whether this cell has 
come from residual hematopoietic tissue left in 
the host. I think this question is particularly 
pertinent in view of the fact that Dr. Thomas’ 
group has recently reported survival of dogs after 
1,375 r total body irradiation without marrow 
transplantation of any sort. The treatment in 
these cases has consisted merely of administration 
of antibiotics, blood transfusions, and parenteral 
fluids. In our own laboratory we are now able 
to keep dogs alive after 700 r of total body x-ir- 
radiation without the use of a marrow graft. 
These facts have forced us to discard our previous 
ideas of an absolute L.D.10) radiation dose for 
dogs, and cast some doubt upon results previously 
attributed to marrow grafts. 
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I might say finally that I hope that the °+ 

billion cells reported in the abstract really we:. 
spleen cells and not marrow cells. Otherwis:, 
I am sure that we’re going to have to come to 
Minnesota to get our dogs. The slide shows 3 
few of the bones we have removed from oie 
animal in an attempt to find out how much 
marrow could be obtained from a mongrel dog. 
After opening up the bones and curetting out 
all the marrow, we found we could harvest about 
8 billion cells from the entire dog. It is obviously 
impossible to obtain more marrow cells by in- 
serting a needle into the marrow cavity than 
by removing all marrow with a curette at au- 
topsy. 
Dr. Jerrold K. Longerbeam (closing). We ap- 
preciate very much the helpful comments of Drs. 
Jordan and Mannick. Both have made significant 
contributions to the field of tissue transplantation. 
The work that Dr. Mannick and his colleagues 
have done was partially responsible for our un- 
dertaking this study. In response to Dr. Jordan’s 
question concerning homografts of bone marrow 
and spleen, homografts have been performed in 
a small series of dogs. At radiation doses below 
1,000 r, the dogs have appeared more acutely 
ill and have died, on the average, about a day 
earlier than controls, but this is not statistically 
significant. When homografts of bone marrow 
have been used with radiation doses above 1,000 
r, we have achieved prolonged but not permanent 
survivals. With regard to Dr. Mannick’s question, 
the 35 billion cells were obtained from the spleen, 
but we have obtained as many as 20 billion bone 
marrow cells in the dog by aspiration techniques, 
so it is difficult for me to explain what is wrong 
with Richmond dogs. I thought only Boston dogs 
were different from the rest. I would like to 
emphasize one more point. Since our success in 
treating total body irradiation with cell infusions 
has correlated fairly well with the total number 
of cells given, further investigations into tech- 
niques of obtaining and preserving cells appear 
to be worthwhile. 
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Review of recent meeting 


Meeting of the Society of University 


RALPH A. DETERLING, JR., M.D. 
BOSTON, MASS. 


The Twenty-second Annual Meeting of 
the Society of University Surgeons was held 
in Kansas City, Kan., Feb. 9-11, 1961, where 
the Society was the guest of the University 
of Kansas Medical Center. 

On Thursday morning, February 9, mem- 
bers and guests convened in Battenfeld 
Auditorium of the University of Kansas 
Medical Center. This day the program was 
devoted to papers by the host Department of 
Surgery. Dr. David W. Robinson, presiding, 
introduced Dr. C. Arden Miller, Dean of 
the School of Medicine and Director of the 
Medical Center. After a brief introductory 
address by Dr. Miller, a word of welcome 
was added by Dr. Frank Allbritten, Jr., 
Professor and Chairman of the Department 
of Surgery. The papers then presented were: 


1. Induced hyperthermia in rats. Dale 
Brett, M.D., and Paul Schloerb, 
M.D. 

2. Cardiac function after elective cardiac 
arrest. Don R. Miller, M.D., Peter 
Rasmussen, M.D., and Bernard Klion- 
sky, M.D. 

3. Hand contamination as a source of 
surgical infection. Robert F. Cavitt, 
M.D. 

4. Correlation of serum enzymes with 
liver disease. Robert T. Manning, 
M.D. 

9. Tubular excretion of organic bases. 
L. A. Peters, M.D. 

6. Transplantation studies on 20-methyl- 
cholanthrene-induced leukemia. C. A. 
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Hardin, M.D., and A. A. Werder, 
Ph.D. 

7. Redistribution of blood flow and pref- 
erential shunting after Arfonad. 
James W. Bickley and C. Frederick 
Kittle, M.D. 

8. Histochemical studies in congenital 


pyloric stenosis. Stanley R. Friesen, 
M.D. 


Dr. Leonard F. Peltier presided over the 
remainder of the morning session which fol- 
lowed a coffee break. 


9. A human hemoglobin with markedly 
lowered oxygen affinity. Kurt Reiss- 
mann, M.D., and William E. Ruth, 
M.D. 

10. Effect of alcohol on hemorrhagic 
shock. Dean T. Gettler, M.D. 

11. Cardiac output during and _ after 
various operations. Alfred Heilbrunn, 
M.D., and Frank F. Allbritten, Jr., 
M.D. 

12. Evaluation of renal function by cre- 
atinine clearance test. Perry W. 
Nadig, M.D. 

13. Pharmacologic evidence for a cardiac 
sphincter mechanism. Evan L. Fred- 
erickson, M.D. 

14. Prophylactic treatment of fat embo- 
lism with lipase. Federico Adler, M.D., 
and Leonard F. Peltier, M.D. 

15. Laminagraphy and _ stereotaxic sur- 
gery. Charles Brackett, M.D. 


After an excellent buffet luncheon at 
the auditorium, the afternoon session pro- 
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ceeded with Dr. Stanley R. Friesen pre- 
siding. 


16. Physiologic changes with prolonged 
veno-arterial perfusion. William A. 
Reed, M.D. 

17. The father of American surgery. 
George F. Sheldon and L. R. C. 
Agnew, M.D. 

18. “Third space” edema formation after 
small intestinal trauma. David C. 
Smisson, M.D., and Paul R. Schloerb, 
M.D. 

19. The effect of kidney hyperthermia on 


renal tolerance to ischemia. Dean . 


Gettler, M. D., Floyd Colip, and Paul 
R. Schloerb, M.D. 


An opportunity was then given the mem- 
bers and guests to visit the remarkable 
Clendening Library with its fabulous rare 
book section. 

The local program concluded with an in- 
teresting look at postgraduate education, a 
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field in which the University of Kansas /..s 
rendered distinguished service for many 
years. Dr. C. Frederick Kittle presided over 
the symposium, entitled “Continuing Ecu- 
cation for the Surgeon.” Dr. Mahlon Delp, 
Chairman of the Department of Medicine, 
spoke on postgraduate education and _ its 
problems, and Dr. Frank Allbritten, Jr., 
then reported on the experience in surgery 
at the University of Kansas. Dr. David 
Ruhe, Director of the Department of Audio- 
Visual Education, commented on communi- 
cations, audio-visual aids and continuing 
education. Dr. Maurice Visscher, Chairman 
of the Department of Physiology at the 
University of Minnesota described the role 
of basic sciences in the postgraduate train- 
ing of surgeons. 

That evening, an enjoyable dinner dance 
was held in the Grand Ballroom of the 
Hotel Muehlebach. The Scientific Program 
presented by the members of the Society 
on February 10 and 11 is published in this 
issue of SURGERY. 
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